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Candida albicans is one of the most important human fungal pathogens. The most 
intriguing virulence-related feature of C. albicans is its ability to switch from yeast 
to hyphal growth when exposed to serum or phagocytosed by macrophage. However, 
the importance of this morphological switch for virulence remains highly 
controversial due to the lack of mutants that affects hyphal morphogenesis only. 
Although many genes specifically expressed in hyphal growth mode have been 
identified, surprisingly, none of them are required for hyphal morphogenesis. On the 
other hand, the behavior of actin polarization is different in yeast and hyphal growth. 
In the latter, a constitutive hyphal tip growth is maintained by a currently unknown 
mechanism. This unique growth mode of C. albicans could serve as a model to study 
the function of proteins involved in polarity establishment and polarized growth 
maintenance. 
      The main body of the thesis includes two chapters: Chapter3 describes the 
study of CaSPA2, a homolog of S. cerevisiae SPA2 which encodes a component of 
polarisome that controls cell polarity. During yeast growth, GFP-tagged CaSpa2p 
was found to localize to distinct growth sites in a cell cycle-dependent manner, while 
during hyphal growth it persistently localized to hyphal tips throughout cell cycle. 
Persistent tip localization of CaSpa2p was also observed in constitutive filamentous 
growth mutants, Catup1∆ and Canrg1∆. Caspa2∆ exhibited defects in polarity 
establishment and maintenance, such as random budding and failure to confine 
growth to a small surface area leading to round cells with wide, elongated bud neck 
and markedly thicker hyphae. Caspa2∆ was also defective in nuclear positioning, 
presumably a result of defective interactions between cytoplasmic microtubules with 
certain polarity determinants. The SHD-I and SHD-V domains that are highly 
conserved were found to be important and responsible for different aspects of 
CaSpa2p function. In mouse systemic infection model, the virulence of Caspa2∆ was 
 xi
dramatically decreased. These results indicate that CaSpa2p plays important roles in 
polarized cell growth during yeast and hyphal growth as well as virulence. This 
study also laid a foundation for the characterization of the functions of other 
polarisome components, such as CaBni1p and CaBud6p in polarized growth and 
nuclear movements.  
      Chapter 4 presents the discovery of a novel G1-cyclin-related protein, HGC1 
which is essential for hyphal morphogenesis. HGC1 expression is hyphal specific, 
and co-regulated with other known hyphal specific genes such as HWP1 by the 
cAMP/PKA signaling pathway and transcriptional repressor Tup1/Nrg1. Different 
from other hyphal specific genes, HGC1 is the first one identified essential for 
hyphal morphogenesis. Deletion of HGC1 abolished hyphal growth in all laboratory 
conditions tested and in the kidneys of systemically infected mice. In mouse 
systemic infection model, the virulence of hgc1∆ was significantly attenuated, 
indicating that the morphological switch is important for full virulence of C. albicans. 
Hgc1p could be co-immunoprecipitated with CaCdc28p, a cyclin-dependent kinase 
(Cdk). It has recently emerged that Cyclin/Cdk complexes promote other forms of 
polarized cell growth such as tumor cell migration and neurite outgrowth. C. 
albicans seems to have adapted a conserved strategy to specifically control hyphal 
morphogenesis. The discovery of HGC1 provides valuable insights into the 
molecular mechanisms that control hyphal morphogenesis and help to settle the 
current debate over the importance of the yeast-to-hypha morphogenesis for virulence. 
 
   
 xii
Chapter 1 Introduction 
 
     Candida albicans is a commensal fungus of humans and mammals. It is 
normally present in skin, gastrointestinal tract, vagina, and is generally harmless 
(Odds, 1988). However, when the host is in situations such as impaired immunity, 
loss of normal bacterial flora, cardiac surgery or organ transplantation, Candida 
albicans may turn pathogenic, invade tissues and spread to a wide variety of organs, 
such as kidney, brain, spleen and heart, resulting in fatal systemic infection. C. 
albicans is the most commonly isolated fungal pathogen in hospitals, being the 
fourth most common hospital-acquired infections in United States (Beck-Sague et al., 
1993; Miller et al., 2001). Therefore, the study of C. albicans biology and its 
virulence-related features is very important in clinical perspective.  
 
1.1 Candida albicans: a polymorphic fungal pathogen 
      C. albicans is a polymorphic fungus and can switch from oval shaped yeast 
form to a highly elongated, branching hyphal form in response to a variety of 
environmental stimuli. The main growth forms include ellipsoidal yeast, 
pseudohyphae and true hyphae. True hyphae appear like multicellular tubes without 
constrictions due to persistent apical extenstion, whereas pseudohyphae are chains of 
elongated cells attached to each other with obvious constrictions (Odds, 1988; 
Berman and Sudbery, 2002; Sudbery et al., 2004; Whiteway and Oberholzer, 2004). 
The transition from yeast to hyphal form can be induced by a variety of laboratory 
conditions. The most common hyphal inducing conditions include incubation of cells 
at 37°C in liquid media containing serum, N-acetyl-D-glucosamine or a mixture of 
amino acids (Shepherd et al., 1980; Lee et al., 1975; Simonetti et al., 1974; Barlow 
et al., 1974; Reynolds and Braude, 1956). In such media, hyphal formation can be 
observed in less than one hour. Hyphal growth can also be triggered in solid media 
including serum-containing media, nitrogen starvation media or when embedded in 
agar (Odds, 1988; Liu et al., 1994; Csank et al., 1998; Brown et al., 1999). 
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However, in contrast to the quick response in liquid media, on solid media cells first 
develop into colonies of yeast cells after up to several days of growth before 
filaments begin to form at the edge of colonies. Morphological switch can be 
triggered in certain host environments, which has been widely accepted as an 
important virulence trait (Shepherd et al., 1980; Mitchell, 1998). For example, when 
entrapped within macrophages, C. albicans yeast cells rapidly switch to hyphal 
growth, which can rupture the surrounding membrane and destroy the macrophage. 
In kidneys of systemic infected mice, the majority of C. albicans cells grow in 
filaments, which may facilitate colonization. Moreover, as mentioned above, serum 
is a potent hyphal inducer. Although many laboratory and in vivo hypha-inducing 
conditions have been found and established, little is known about the chemical or 
physical features responsible for the hypha-inducing abilities of the various 
environmental conditions. Currently, the activity of serum has been attributed to a 
filtrate with a molecular mass <1 kDa (Feng et al., 1999). Elucidation of the nature 
of different inducers will undoubtedly help unveiling the mysterious signal sensing 
mechanism underlying hyphal growth and benefit the development of anti-fungal 
therapy. 
      As different morphological forms of C. albicans cells are found in infected 
tissues, the relevance of morphological switch in virulence has inspired great 
academic interest. Various mutants incapable of morphological transition have been 
found to be either avirulent or less virulent than wildtype strains (Csank et al., 1997; 
Csank et al., 1998; Cutler 1991; Gale et al., 1998; Leberer et al., 1997; Lo et al., 
1997). Among them, a cph1 efg1 double mutant, defective in the cAMP-dependent 
protein kinase A (PKA) and mitogen-activated protein kinase (MAPK) pathways, 
displays the most severe defects in the yeast-to-hypha growth switch in vitro, and its 
virulence is indeed greatly reduced in a mouse systemic infection model (Lo et al., 
1997). Based on the correlation of decreased virulence and filamentous growth 
defects of these mutants, it has been proposed that non-filamentous cells are 
avirulent (Lo et al., 1997). However, a constitutive filamentous mutant Catup1 null 
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mutant also loses virulence, arguing that hyphal cells may not be more virulent than 
yeast cells (Braun and Johnson, 1997). A reasonable proposal is that during 
infection, yeast form may be appropriate for dissemination, and hyphal form may be 
suitable for penetrating tissues, thus both forms are required for full virulence. In 
fact, it is difficult to make a final conclusion, as the mutants mentioned above are 
actually not only defective in morphology control, but also malfunctioning in the 
regulation of other virulence-related genes such as adhesins, secreted aspartyl 
proteinases and iron assimilatory functions (Braun et al., 2000; Murad et al., 2001; 
Lane et al., 2001). Thus the importance of morphological switch in virulence will 
remain uncertain until mutations that affect hyphal morphogenesis alone, if exist, are 
found. Moreover, another problem in the current virulence evaluation is that the 
model of systemic infection may neglect some important virulence processes, 
because the route and mode by which C. albicans cells naturally enter blood 
circulation from their original habitats are bypassed. Therefore, systemic infection 
virulence test may underestimate the contribution of certain biological features of 
C.albicans in virulence, such as yeast to hypha transition.  
 
1.2 Transcriptional regulation of hyphal growth in C. albicans 
      In the past decade, a map of multiple signaling pathways involved in hyphal 
signal sensing and transduction has emerged (reviewed by Liu, 2001). The main 
pathways include the MAP kinase pathway, cAMP-PKA pathway, CaTup1-mediated 
repression pathway, and pH- responsive pathway. Moreover, these pathways regulate 
transcription of a group of hypha-specific genes (HSG), some of which encode 
virulence traits. In Fig1.1, the pathways involved are outlined.         
1.2.1 The MAP kinase pathway  
     The study of hyphal growth of C. albicans benefits a lot from a close and 
genetically tractable relative, S. cerevisiae (budding yeast), which is capable of 
pseudohyphal growth on nitrogen starvation medium (Gimeno et al., 1992). In the 
budding yeast, elements of the pheromone-responsive MAP kinase pathway are also  
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Fig1.1 Multiple signal transduction pathways involved in hyphal program 
control in C. albicans. Positive control: Ras1 may function upstream of two 
classical pathways: one is Cph1-mediated MAPK pathway, the other is Efg1-
mediated cAMP pathway. Czf1 may inhibit Efg1 in matrix medium. Tec1 is 
controlled by Cph2 and Efg1. Crk1, Rim101 may function as independent pathways. 
Negative control: Hyphal specific genes are repressed by Tup1/Nrg1 or Tup1/Rgf1. 
Arrows stand for activation, bars stand for inhibition. This diagram is adapted from 
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involved in pseudohyphal growth (reviewed by Banuett, 1998). One of the first 
genes identified to have a role in hyphal growth of C. albicans was CPH1, the 
homolog of STE12 of S. cerevisiae encoding a transcription factor downstream of 
the MAPK cascade (Liu et al., 1994). Ectopic expression of Cph1 is able to 
complement both mating defect of ste12 haploid mutant and filamentous growth 
defect of ste12/ste12 diploid mutant. The cph1 null mutant is defective in hyphal 
formation on solid media such as Spider medium and Lee’s medium, suggesting that 
on solid media C. albicans filamentous growth may be triggered by the same 
signaling cascade that activates Ste12 in S. cerevisiae. However, the mutant can still 
form hyphae in response to serum and other liquid inducing media, indicating that 
different stimuli may trigger different pathways in C. albicans. Subsequently, Cst20 
(p21-activated kinase; PAK), Hst7 (MAP kinase kinase; MEK) were isolated by 
functional complementation of respective S. cerevisiae mutants (Kohler and Fink, 
1996; Leberer et al., 1996; Clark et al., 1995). The deletion mutants of these two 
genes, similar to cph1 null mutant, are only defective in certain solid hypha-
inducing media. A C. albicans MAPK homolog, Cek1, was identified by its ability 
to interfere with the S. cerevisiae MAPK mating pathway (Whiteway et al., 1992). 
Epistasis analysis of CST20, HST7, CEK1, and CPH1, revealed that they might 
compose a canonical MAPK cascade of C. albicans (Csank et al., 1998). One 
missing link in the C. albicans MAPK pathway is the homolog of Ste11, which has 
not been studied. Notably, as the function of MAPK pathway in hyphal growth was 
largely inferred from genetic study, whether it is directly involved in activation of 
hyphal program needs to be further confirmed by biochemical analyses. Moreover, 
all the mutants are still able to form filaments in liquid hypha-inducing conditions, 
indicating that other parallel pathways exist. 
       What are the upstream elements of MAPK pathway for hyphal growth? 
Currently, the answer is not yet available. Two studies in the budding yeast may 
provide some hints. One study suggested that Ras2, a small GTPase is the upstream 
element of MAPK in the nitrogen starvation-induced filamentous growth (Mosch et 
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al., 1996). They found that the dominant active Ras2Val19 can stimulate both 
filamentous growth and activation of a nitrogen starvation-specific transcriptional 
reporter. Importantly, the effect of Ras2Val19 is dependent on the integrity of MAPK 
pathway. Interestingly, another small GTPase, Cdc42, a key player in polarity 
establishment and polarized growth, appears to be the bridge between Ras2 and 
MAPK pathway, as a dominant active form of Cdc42 induces constitutive 
pseudohyphal growth while dominant negative Cdc42 blocks the filamentation in 
response to Ras2Val19 allele. It is an interesting model which links the MAPK 
signaling pathway with the cytoskeleton control machinery. However, whether the 
state of Ras2 is regulated by nitrogen starvation is not known yet. Recently, another 
study argues that the role of the MAPK pathway in filamentous growth is to 
maintain Ste12 at a certain basal activity, allowing its phosphorylation by Srb10, a 
cyclin dependent kinase associated with the RNA polymerase II holoenzyme 
(Nelson et al., 2003). In a rich medium, the phosphorylated form of Ste12 undergoes 
rapid turnover, while upon switching to a nitrogen limiting medium, Srb10 
disappears, and therefore, Ste12 becomes stable and accumulates, leading to the 
induction of filamentous genes. Consistent with this model, srb10 null mutants show 
constitutive pseudohyphal growth even in rich media. How C. albicans conveys the 
hypha-inducing signal to MAPK pathway on solid media is an interesting question. 
It could be predicted that the sensing mechanism of C. albicans should be more 
complex than that of budding yeast, as a variety of different conditions can trigger 
hyphal growth of C. albicans.  
 
1.2.2 The cAMP-dependent protein kinase A pathway 
       In S. cerevisiae, besides the MAPK pathway, a cAMP-PKA pathway is also 
involved in pseudohyphal growth (Pan et al., 2000). In C. albicans, the cytoplasmic 
cAMP level is affected upon hyphal induction. The intracellular cAMP level 
increases abruptly by 2~2.5 folds within 1 h of induction, directly correlating with 
the yeast-hypha transition (Chattaway et al., 1981; Cho et al., 1992; Niimi et al., 
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1980; Bahn and Sundstrom, 2001). C. albicans genes homologous to the elements of 
the cAMP regulatory circuit of S. cerevisiae have been identified and found to play 
a crucial role in hyphal formation. Similar to S. cerevisiae, C. albicans has only one 
gene encoding adenylate cyclase, CDC35/CYR1, which is responsible for 
cytoplasmic cAMP synthesis (Rocha et al., 2001). CaCdc35 is not an essential gene, 
but is indispensable for hyphal growth in all known hypha-inducing conditions. The 
hyphal growth defects of Cacdc35 null mutant can be rescued partially by 
exogenous cAMP. CAP1, an adenylate-cyclase-associated protein, which is involved 
in Ras activation of adenylate cyclase in the budding yeast, has been identified and 
disrupted in C. albicans (Bahn and Sundstrom, 2001). The cap1 null mutant is 
defective in germ tube formation and hyphal development in both liquid and solid 
media. Moreover, the cap1 null mutant has no cytoplasmic cAMP increase when 
exposed to the inducing conditions. Similar to Cacdc35 null mutant, the hyphal 
growth defects of cap1 null mutant can be suppressed by the addition of exogenous 
cAMP. Recently, a high-affinity phosphodiesterase gene PDE2, which degrades 
cytoplasmic cAMP, has been identified and disrupted in C. albicans (Bahn et al., 
2003). Consistent with the role of PDE2, basal cAMP level in pde2 null mutant is 
higher than that of the wildtype strain. Loss of PDE2 gene suppresses the 
filamentous growth defect of the cap1 null mutant, and constitutive overexpression 
of Pde2 blocks yeast-hypha transition. Taken together, these findings suggest that in 
response to the hypha-inducing signals, C. albicans may increase cytoplasmic cAMP 
level as a critical step in the activation of hyphal program. Notably, addition of 
cAMP alone is not as powerful in hyphal induction as other hyphal inducing 
conditions, such as serum, indicating that the increase of cAMP level is only part of 
the program (Bahn and Sundstrom, 2001).   
        In S. cerevisiae, cytoplasmic cAMP level is sensed by cAMP-dependent 
protein kinase, made up of a regulatory subunit encoded by BCY1 and a catalytic 
subunit encoded by three genes: TPK1, TPK2, and TPK3. C. albicans has two PKA 
catalytic subunits, TPK1 and TPK2 (Bockmuhl et al., 2001; Sonneborn et al., 2000). 
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Gene deletion experiments showed that Tpk1 is required for hyphal formation on 
solid media, as tpk1 null mutant exhibits significantly reduced hyphal growth on 
Spider medium or serum-containing solid media, while hyphal formation is normal 
when the mutant cells are grown in liquid-inducing media. Similarly, tpk2 null 
mutant does not undergo yeast-hypha transition when grown on solid serum-
containing media, and only displays a slight defect in hyphal development in liquid 
serum-containing media. These genetic data suggest that Tpk1 and Tpk2 may play a 
redundant role in hyphal induction, as the tpk2/tpk2 tpk1/PCK1-TPK1 mutant does 
not exhibit hyphal formation in serum-containing media that repress the activity of 
PCK1 promoter.  
       In S. cerevisiae, a basic helix-loop-helix (bHLH) transcription factor, Sok2 
functions downstream of PKAs, and plays an important role in pseudohyphal growth. 
In C. albicans, a Sok2 homolog, Efg1 was isolated in a screening of genes which 
can enhance the filamentous growth of budding yeast (Stold et al., 1997). Efg1 
plays a critical role in hyphal morphogenesis, as efg1 null mutant strains do not 
form hyphae under most liquid hypha-inducing conditions, including serum. 
Moreover, overexpression of EFG1 leads to pseudohyphal growth. However, when 
efg1 null mutants are grown within matrix (embedded in agar), filamentation of the 
mutants is even better than that of the wildtype strains, indicating that Efg1 has 
repressive effect in such a specific condition (Giusani et al., 2002). These findings 
reveal that different environmental signals have their own specific routes to activate 
hyphal program. 
       How does C. albicans sense the hypha-inducing signal and control the 
cytoplasmic cAMP level? In S. cerevisiae, the activity of adenylate cyclase is 
controlled by two G-protein systems, Ras2 and Gα protein Gpa2 (Colombo et al., 
1998). In response to extracellular glucose, Gpa2 stimulates cAMP synthesis, while 
Ras2, which interacts with Cyr1 directly, appears to sustain the activation of cAMP 
synthesis under this situation (Colombo et al., 2004). In C. albicans, ras1 null 
mutants are unable to form true hyphae in the presence of serum, however 
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pseudohyphae are still observed after long time incubation (Feng et al., 1999; 
Leberer et al., 2001). Epistasis experiments proved that CaRas1 functions upstream 
of both the MAP kinase and cAMP pathways, as either overexpresion of Hst7 or 
addition of cAMP can rescue the filamentous growth defects of ras1 null mutant 
(Leberer et al., 2001). Moreover, overexpression of CaRas1G13V, a dominant active 
allele can suppress the hyphal formation defect of efg1 null mutant (Chen et al., 
2000). Genes homologous to GRP1 and GPA2 have also been identified (Sanchez-
Martinez and Perez-Martin, 2002; Miwa et al., 2004). GPR1 and GPA2 are required 
for a glucose-dependent increase in cellular cAMP in C. albicans, indicating a 
conserved glucose sensing mechanism exists in these two fungi. Mutants lacking 
Gpr1 or Gpa2 are defective in hyphal formation and morphogenesis only on solid 
hypha-inducing media but not in liquid media. Taken together, these results indicate 
that during hyphal growth in liquid media, the increase of cAMP is probably mainly 
contributed by the signal through CaRas1. Further biochemical analysis of the state 
of CaRas1 during hyphal induction will be needed to elucidate the possibility. 
 
1.2.3 Hyphal specific genes (HSG)  
       Hyphal growth is associated with the expression of a set of growth form 
specific genes, named hyphal specific genes (HSG), whose transcripts usually 
become detectable within 30 min after transfer of the yeast cells into liquid hypha-
inducing conditions. It is assumed that identification of these genes may provide 
valuable information to reveal the morphologenetic regulation mechanism. The 
hypha-specific genes identified so far include ECE1, HWP1, HYR1, RBT1 and RBT4, 
which encode either cell wall or secreted proteins. Most of the hyphal specific genes 
mentioned above contain putative Efg1 and Cph1 binding sites in their promoter 
regions, which may recruit respective transcription factors in response to hyphal 
inducing signals. 
       ECE1 was identified by differential hybridization screening of a C. albicans 
cDNA library (Birse et al., 1993). The function of ECE1 is still not known. ECE1 is 
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not essential for hyphal formation, as ece1 null mutant exhibits no morphological 
defects in hypha-inducing conditions. HWP1 was cloned based on a partial cDNA 
encoding a cell wall protein antigen found on hyphal surfaces (Staab and Sundstrom, 
1998; Staab et al., 1999). Similar to Ece1, Hwp1 is not essential for hyphal 
morphogensis. However, interestingly, Hwp1 is an outer mannoprotein and serves as 
a substrate for mammalian transglutaminases. Furthermore, deletion analysis proved 
that Hwp1 is required to form covalent attachment between true hyphae and human 
epithelial cells. RBT1 (Repressed By Tup1) and RBT4 were identified through 
subtractive hybridization (Braun et al., 2000). RBT1 encodes a cell-wall protein, and 
RBT4 encodes a secreted protein similar to a set of pathogenesis-related proteins 
from plants. Although both genes are not essential for hyphal morphogenesis, they 
are necessary for the full virulence of C. albicans in a systemic mouse mode. HYR1 
may encode a cell wall protein, but as other known hyphal specific genes, it is not 
required for hyphal formation or adhesion like Hwp1 (Bailey et al., 1996). There are 
also some genes expressed in certain hypha-inducing conditions, named as 
conditional hyphal specific genes by Brown (2002), which are different from hyphal 
specific genes mentioned above. For example, the induction of three members of 
secreted aspartyl proteinase genes, SAP4–6, is observed only at neutral pH during 
serum-induced yeast-to-hypha transition (Hube et al., 1994). Triple deletion of SAP4, 
SAP5, and SAP6 attenuates virulence in a systemic mouse mode (Sanglard et al., 
1997). Until now, whether there are hyphal specific genes responsible for 
morphological switch is still an open question. Recently, using powerful microarray 
technology, the expression levels of more genes were found to be different between 
hyphal and yeast growth mode (Nantel et al., 2002). Interestingly, among them, 
some genes, such as BEM2 and RHO3, are components involved in the control of 
polarized growth. Whether the transient increase of expression of these genes is 
critical for hyphal morphogenesis deserves investigation. 
 
1.2.4 CaTup1-mediated repression of hyphal development  
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       The hyphal specific genes are not only positively controlled by MAPK and 
cAMP-PKA pathways. It is also negatively controlled by CaTup1, a transcriptional 
repressor, found in an unexpected way (Braun and Johnson, 1997). In S. cerevisiae, 
TUP1 gene encodes a general transcriptional repressor which represses transcription 
of many different genes, including DNA damage-induced genes, glucose-repressed 
genes, oxygen-repressed genes, haploid-specific genes, and flocculation genes. Each 
set of these genes is regulated by a distinct DNA-binding protein which recruits 
Tup1 (Smith and Johnson, 2000). In C. albicans, Catup1 null mutants grow 
exclusively as filamentous form under all conditions tested. Moreover, hyphal 
specific genes, such as HWP1 and RBT1,4, are derepressed in Catup1 null mutant, 
suggesting that CaTup1 may serve as a transcriptional repressor and interact with 
other DNA-binding proteins to repress hyphal specific genes (Sharkey et al., 1999; 
Braun et al., 2000). In non-inducing media, the elongation of Catup1 null mutant 
cells depends on Efg1 but not Cph1 indicating Efg1 might be responsible for the 
expression of certain hyphal specific gene(s) required for elongation (Braun and 
Johnson, 2000). However, at present, we cannot conclude that the mechanism of the 
constitutive filamentous growth of Catup1 null mutant is equal to the natural hyphal 
growth of the wildtype cells. At least, the morphologies of these two filamentous 
growth forms are different; the filaments of Catup1 null mutant are pseudohyphae 
with constrictions. 
       Recently, CaRfg1, a protein related to the S. cerevisiae hypoxic regulator 
Rox1, has been identified as a negative regulator of filamentous growth (Khalaf and 
Zitomer, 2001; Kadosh and Johnson, 2001). In S. cerevisiae, Rox1 recruits Tup1 
complex to repress hypoxic genes; in contrast, CaRfg1 is not required for the 
repression of hypoxic genes. CaRfg1 deletion causes derepression of filamentation 
and a subset of hypha-specific genes. Through epistasis analysis, CaTup1 is found to 
be upstream of CaRfg1, indicating that CaRfg1 may direct transcriptional repression 
by recruiting CaTup1 like its yeast homolog, Rox1. The DNA-binding protein, 
CaNrg1, has been identified as another negative regulator of hyphal growth like 
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CaRfg1 (Braun et al., 2001: Murad et al., 2001). Like Catup1 null mutant, Canrg1 
null mutant grows exclusively as filamentous form. Moreover, some of the hyphal 
specific genes are depressed in Canrg1 null mutant. Based on data acquired by 
microarray, it is proposed that CaNrg1, similar to CaRfg1, represses a subset of 
CaTup1-repressed genes, which includes hypha-specific genes. Interestingly, several 
hyphal specific genes contain Nrg1 response element (NRE) in their promoter, and 
deletion of two NREs from the ALS3 promoter releases it from Nrg1-mediated 
repression. Constitutive expression of CaNrg1 by ACT1 promoter can block hyphal 
growth on solid media. How is CaNrg1-dependent repression relieved during yeast-
to-hypha transition? Interestingly, it was found that the mRNA level of CaNrg1 
decreases during hyphal growth in serum at 37 °C, and the down-regulation depends 
on Efg1, suggesting that transcriptional regulation of CaNrg1 may be the answer. 
But the decreased expression of CaNrg1 cannot explain the rapid activation of 
hyphal specific genes in liquid inducing media. Moreover, efg1 null mutant can form 
filaments in solid media, indicating that other pathway(s) controls the transcription 
of CaNrg1. Many mechanisms, including phosphorylation, subcellular localization 
and transcriptional control, have been documented to regulate Tup1-dependent 
transcriptional repression in S. cerevisiae. However, how the positive regulation 
pathways relieve Nrg1/Tup1-mediated suppression of hyphal specific genes during C. 
albicans hyphal growth is unknown.  
 
1.2.5 pH responsive pathway 
      Optimal filamentous growth under most hypha-inducing conditions requires a 
neutral pH, and acidic pH promotes yeast growth, indicating that environmental pH 
has an important role in morphological control. PHR1, the first gene identified in 
this pathway, was isolated by differential hybridization screen of hyphal specific 
genes in conditions with different pH (Saporito-Irwin et al., 1995). The PHR1 
transcript can be detected only in medium above pH 5.5, indicating that it is a pH 
responsive gene but not a hyphal specific gene. The phr1 null mutant exhibits pH-
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dependent morphological defects in both yeast and hyphal form. Predicted by its 
amino acid sequence, PHR1 may encode a homolog of GAS1, a 
glucanosyltransferase which is required for cell wall assembly (Fonzi, 1999). A 
second pH regulated gene, PHR2, 54% identical to that of PHR1 was isolated by 
degenerate PCR (Muhlschlegel and Fonzi, 1997). The transcript of PHR2 could be 
detected only in media below pH6.0. Interestingly, in contrast to phr1 null mutant, 
phr2 null mutant exhibits defects in growth and morphogenesis at acid pH. 
Moreover, artificial expression of Phr2 at alkaline pH in phr1 null mutants and Phr1 
at acid pH in phr2 null mutants can rescue the defects in the respective mutants, 
indicating that the functions of Phr1 and Phr2 are not pH specific. These 
observations also indicate that differential expression of PHR1 and PHR2 cannot 
explain why hyphal inducing conditions require a neutral pH.    
       The mechanism of transcriptional control of pH responsive genes was first 
elucidated in A. nidulans. A transcription factor PacC was found to be regulated by 
ambient pH through proteolysis (Tilburn et al., 1995). In alkaline pH, the active N-
terminal region of PacC is freed by cleaving off the inhibitory C-terminal region. 
The active N-terminal region has two functions, activating the transcription of 
alkaline-induced genes and repressing the transcription of acid-induced genes. In C. 
albicans, CaRim101, a PacC homolg, controls a conserved pH-response pathway in 
a similar way (El Barkani et al., 2000; Davis et al., 2000b). The deletion of 
CaRim101 cause defects in the induction of Phr1, repression of Phr2, and alkaline-
induced hyphal formation. The defects of Carim101 null mutant cannot be rescued 
by artificial expression of Phr1, indicating that other alkaline-induced gene(s) is 
required for hyphal formation. The candidate gene(s) should be downstream of 
CaRim101, as a truncated dominant form of CaRim101 can promote filament growth 
at acid pH. The inducing ability of Lee’s medium is affected by pH, but serum 
liquid medium is not sensitive to pH, indicating that in certain conditions, the pH-
responsive pathway plays an important role in the activation of hyphal program. The 
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virulence of Carim101 null mutants is greatly reduced, indicating that the pH-
responsive pathway is required for full virulence (Davis et al., 2000a).  
  
1.2.6 Other factors involved in hyphal growth 
      In S. cerevisiae, Tec1, a member of the TEA/ATTS family of transcription 
factors, binds and co-operates with Ste12 to regulate filamentous growth (Baur et al., 
1997; Madhani and Fink, 1997). In C. albicans, CaTec1 has been proved to be 
involved in hyphal development and virulence (Schweizer et al., 2000). Catec1 null 
mutants are seriously defective in hyphal formation in several media, such as serum-
containing liquid medium and SLAD solid medium, however, they can form hyphae 
under in vivo conditions, such as vaginal tracts and kidneys. Consistent with 
CaTec1’s function in hyphal growth, many of the known hyphal specific genes 
contain putative CaTec1-binding site in their promoter region. Moreover, CaTec1 is 
required for serum-induced hypha-specific expression of SAP4-6. In S. cerevisiae, 
the transcription of Tec1 is controlled by Ste12, whereas in C.albicans CaTec1 
transcription is not regulated by Cph1, but regulated in a medium-specific manner 
by Cph2, a member of Myc-type bHLH transcription factor isolated in the same 
screen in which Cph1 was identified (Lane et al., 2001). cph2 null mutants are 
defective in hyphal formation and induction of hypha-specific genes in liquid Lee's 
medium but not in other liquid media, and the defects of cph2 null mutants in 
hyphal development can be partially restored by the overexpression of CaTec1. 
Cph2 binds directly to two sterol- regulatory-element-1-like elements in the 
promoter region of CaTec1, which may explain why Cph2 is necessary for the 
transcriptional induction of CaTec1 in Lee's medium. The Cph2-Tec1 pathway is 
parallel with Cph1, Efg1 pathways in hyphal program control. Overexpression of 
Cph2 partially suppresses the hyphal development defects of efg1 null mutants, 
while Efg1 overexpression rescues the defects of cph2 null mutants. Moreover, 
overexpression of Cph1 and Cph2 can also suppress the defects of mutual mutants. 
CaTec1 may also function downstream of Efg1, as its transcription requires Efg1 in 
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all media tested. Overexpression of CaTec1 in efg1 null mutant triggers 
pseudohyphal growth, but in wild type strains it causes true hyphal growth. The 
apparently bewildering reciprocal genetic rescue data of Cph1, Cph2, Efg1, and 
CaTec1 may reflect that in different hypha-inducing conditions, different 
combinations of these transcription factors are used to activate the hyphal program.  
      Embedding cells in solid medium promotes hyphal formation. Interestingly in 
such a condition efg1 null mutant is hyperfilamentous, indicating that Efg1 may 
repress rather than activate the hyphal program (Giusani et al., 2002). In a screen 
for genes that promote filamentous growth in the embedding condition, Czf1, a zinc-
finger-containing protein, was isolated. The czf1 null mutant is partially defective in 
hyphal growth when embedded, but normal in hyphal response to serum, proline, 
spinder medium. czf cph1 double mutants show much severer hyphal development 
defects than each single mutant, indicating that Cph1 and Czf1 may have redundant 
function in this unique growth condition. Recently, it was found that Czf1 interacts 
with Efg1, and the deletion or overexpression of Czf1 does not affect filamentous 
growth of efg1 null mutant, indicating that Efg1 may be directly modulated by Czf1 
in the embedding condition.  
      Inspired by the critical role of Cdc28 in the filamentous growth of budding 
yeast, Crk1, a Cdc2-related kinase, was isolated by a degenerate oligonucleotide- 
based screening in C. albicans (Chen et al., 2000). The crk1 null mutants are 
severely defective in hyphal development in both solid and liquid media, and the 
induction of hypha-specific genes is also impaired. Overexpression of the Crk1 
kinase domain could partially suppress the hyphal growth defects of cph1 efg1 
double mutant, indicating that Crk1 may be involved in a pathway independent of 
Cph1 and Efg1. The function of Crk1 is not specific for hyphal growth, as crk1 null 
mutants grow more slowly than wildtype strains, and cell separation is also defective.  
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1.3 Morphological control in C. albicans 
       The best understood fungus in terms of cellular morphogenesis from a 
molecular perspective is S. cerevisiae (Pruyne and Bretscher, 2000). Many of the 
genes involved in polarity establishment and polarized growth in S. cerevisiae are 
well conserved in C. albicans. Therefore, the knowledge gained in the budding yeast 
will provide valuable information for the understanding of the molecular basis 
underlying the morphological switch of C. albicans. On the other hand, the distinct 
growth modes of C.albicans offer a unique way to reveal the functions of these 
genes.      
1.3.1 Actin and polarized growth 
       In the budding yeast, the organization of actin cytoskeleton controls growth 
region which ultimately determines cell shape. Actin monomers are assembled into 
two distinct structures, cables and patches, localizing at the cell cortex (Pruyne and 
Bretscher, 2000). In G1 cells before START (the point of commitment to a new cell 
cycle), actin cables and patches are distributed randomly directing growth evenly to 
cell surface and resulting in isotropic cell expansion. Shortly after the G1 cell 
reaches a critical size, a budding site is chosen on cell surface. Actin cables are 
oriented toward this incipient bud site and patches converge to this region, which 
initiates a transition from isotropic to apical cell growth mode. Once the orientation 
of cables is established, secretory vesicles containing cell wall and plasma 
membrane components are transported along the cables and deposit the contents at 
the growth region. As a bud emerges, cables extend from the mother cell into the 
bud, and patches remain concentrated at the bud tip, leading to a period of bud 
elongation. Later, near the end of G2 phase, the actin cables and patches in the bud 
become randomly distributed, causing a switch from apical to isotropic bud growth. 
At this stage, the cables in the mother cell still extend into the bud, ensuring that 
only the bud grows. At the end of bud growth, actin cables and patches redistribute 
randomly in both the mother cell and bud. After cytokinesis, the actin patches and 
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cables repolarize to the bud neck to direct cell wall synthesis to the septum. Briefly, 
the distribution of actin patches and cables is regulated in a cell cycle dependent 
manner. In the yeast growth mode, the behavior of actin structures in C. albicans is 
similar to S. cerevisiae (Staebell and Soll, 1985). However, during hyphal growth, 
actin polarization persists at the hyphal tips throughout the cell cycle, and the 
apical-to- isotropical transition observed in yeast growth is blocked, which causes a 
constitutive apical growth (Staebell and Soll, 1985). Moreover, when G1 cells are 
induced by serum, the temporal and spatial pattern of actin polarization is also 
different from that of yeast growth. The serum-induced actin polarization may occur 
long before the START, and the site of germ tube formation is random (Chaffin, 
1984). In contrast, the budding site of yeast cells, which is genetically determined 
by a set of bud selection genes, occurs near or directly opposite the bud scar left 
from the previous cell cycle (Casamayor and Snyder, 2002; Chaffin, 1984).  
       In the budding yeast, a small GTPase, Bud1/Rsr1 is involved in bud site 
selection, and deletion of Rsr1 leads to random budding (Chant and Herskowitz, 
1991). C. albicans rsr1 null mutants are also defective in bud site selection, but 
interestingly, the mutants also show reduced hyphal development, indicating that the 
function of CaRsr1 is not limited to bud site selection (Yaar et al., 1997). Notably, 
the cell size of Carsr1 null mutant is significantly larger than that of the wildtype 
cells, indicating that in C. albicans budding from random positions is not favored. In 
a certain perspective, it is an interesting finding because the polarized growth from 
random positions during hyphal growth could be efficiently established.  
1.3.2 Morphological machinery controlling polarized growth  
       In S. cerevisiae, a Rho GTPase, Cdc42 plays a key role in cell polarity 
establishment and polarized growth (Adams et al., 1990). In the absence of Cdc42, 
the cortical actin patches and cables still form but entirely disorganized. Cdc42 
cycles between GTP-bound and GDP-bound state, which is regulated either 
positively by guanine nucleotide exchange factors (GEFs) or negatively by GTPase-
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activating proteins (GAPs) (Zheng et al., 1993). In the budding yeast, Cdc24 is the 
only GEF, but there are three known Cdc42 GAPs including Bem3, Rga1 and Rga2. 
In C. albicans, CaCdc42 plays a crucial role in polarized growth. The CaCdc42-
depleted cells are large, round, unbudded, and cannot form hyphae (Ushinsky et al., 
2002). Overexpression of CaCdc42D118A, a dominant-negative allele, has a similar 
effect as Cdc42 depletion. Overexpression of CaCdc42G12V, a dominant-active allele 
also ceases cell proliferation, but majority of cells are multibudded. Moreover, the 
yeast-to-hypha transition appears to be sensitive to the dosage of CaCdc42 and its 
GEF CaCdc24, as strains with MET3 promoter controlled CaCdc42 or CaCdc24 are 
severely defective in hyphal formation in response to serum, but grow normally in 
yeast form (Bassilana et al., 2003). Recently it was found that several CaCdc42 
mutants (S26I, E100G, and S158T) cause severe defects in the yeast-to-hypha 
transition and the induction of hypha-specific genes without affecting normal yeast 
growth, indicating that CaCdc42 may be involved not only in the yeast-to-hypha 
morphogenesis control, but also in the regulation of hypha-specific genes 
(VandenBerg et al., 2004). The localization of CaCdc42 in yeast and hyphal growth 
form has been examined in living cells (Hazan and Liu, 2002). In yeast growth form, 
GFP-Cdc42p localizes to the bud tip of small-budded cells as well as the neck 
region of large-budded cells. In hyphal growth form, GFP-Cdc42 localizes and 
remains at hyphal tip throughout cell cycle, consistent with the constitutive apical 
extension during hyphal growth. The localization of CaCdc42 at the bud site in 
yeast cells is resistant to latrunculin A, a drug which disrupts F-actin assembly, 
whereas the hyphal tip localization of CaCdc42 is sensitive to latrunculin A, 
indicating that the initiation and maintenance of CaCdc42 at hyphal tips depends on 
intact actin cytoskeleton (Hazan and Liu, 2002). CaCdc24-depleted cells have 
similar phenotype as CaCdc42-depleted cells, indicating that CaCdc24 is the only 
GEF of CaCdc42 involved in both growth forms (Bassilana et al., 2003). In S. 
cerevisiae, Bem1, a scaffold protein, facilitates the activation of Cdc42 by Cdc24. 
The bem1 null mutant is unable to maintain Cdc24 at sites of polarized growth; thus, 
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the bem1 null mutant is defective for apical bud growth (Butty et al., 2002). 
Interestingly, CaBem1, an essential gene, is not required for hyphal formation, 
indicating that the mechanism underlying hyphal tip growth might be maintained in 
a way different from apical bud growth (Michel et al., 2002).  
       In the budding yeast, the function of Cdc42 during polarized growth is 
executed by its several downstream effectors. One of the known Cdc42 effectors is 
PAK, p21-activated kinase. GTP-Cdc42 can recruit and activate PAK (Sells and 
Chernoff, 1997). There are two well-studied PAKs, Ste20 and Cla4 which may play 
redundant roles in actin cytoskeleton control (Holly and Blumer, 1999). In C. 
albicans, CaCla4 was isolated by functional complementation of ste20 cla4 double 
mutant (Leberer et al., 1997). Cacla4 null mutant is defective in hyphal formation in 
both liquid and solid media. The deletion of Cst20, the homolog of Ste20 has no 
effects on morphogenesis (Kohler and Fink, 1996). In the budding yeast, the only 
known substrates of PAKs are class I myosins (Myo3 and Myo5) which take part in 
actin patch organization. The phosphorylation of a conserved serine residue in the 
head domain by PAK may increase the ATPase activity of myosin I (Wu et al., 
1997; Lechler et al., 2000). In C. albicans, there is only one class I myosin, 
CaMyo5. The Camyo5 null mutant, exhibiting a depolarized distribution of cortical 
actin patches, is viable, but cannot form hyphae in any condition (Oberholzer et al., 
2002). Interestingly, mutation of the conserved serine 366 to alanine completely 
abolishes the function of CaMyo5, in contrast, a S366D mutation, mimicking a 
phosphorylation state of serine, rescues the hyphal formation defects, though actin 
patches is still depolarized as in the null mutants, indicating that the phosphorylation 
of myosin I by PAK plays an important role in polarized growth. Notably, although 
the S336D mutant with defects in polarized actin patch distribution can form hyphae 
almost normally, it does not mean that actin patch is not important for hyphal 
growth. In C. albicans, two actin patch components have been studied. One is 
CaSla2 (Asleson et al., 2001), and the other is Wal1 (Walther and Wendland, 2004), 
a homolog of Bee1 in the budding yeast. Casla2 null mutant is unable to form 
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hyphae in response to either solid media or potent liquid media. In wal1 null mutant, 
actin patches localize randomly. Though wal1 null mutants can initiate polarized 
growth under hypha-inducing conditions, only pseudohyphal cells are formed. The 
results of these two reports indicate that actin patches are essential for true hyphal 
growth. In the budding yeast, Bni1 and Bnr1, two members of the formin family are 
responsible for actin cable assembly (Dong et al., 2003; Imamura et al., 1997). 
These two proteins directly interact with Cdc42 and other Rho GTPases. Currently, 
the C. albicans homologs of these proteins have not been studied.  
      One of the functions of polarized actin organization is to direct the transport 
of vesicles which contain building materials for new cell wall synthesis. In the 
budding yeast, vesicles traveling on actin cables are carried by another type of 
myosin, Myo2 (Pruyne et al., 1998). In C. albicans, deletion of CaMyo2 is not 
lethal, but leads to complete block of hyphal formation (Woo et al., 2003). Camyo2 
null mutant is seriously defective in polarized actin assembly, indicating that 
CaMyo2 is involved not only in vesicle transport, but also polarity establishment 
and maintenance. At present, we still know little about the mechanism which 
maintains the constitutive, cell cycle-independent apical extension during true hyphal 
growth. Clearly, detailed biochemical analysis of the GTPase activity, 
phosphorylation status, and other forms of modification of the components involved 
in cell polarity will provide more clues.  
 
1.3.3 Cell cycle and morphological control in C. albicans  
      In budding yeast, the apical-to-isotropic transition is regulated by the cell 
cycle. In G1 phase, the G1 cyclins, Cln1 and Cln2, accumulate and activate Cdc28, 
a cyclin-dependent kinase (Cdk), which triggers and sustains actin polarization at 
bud tip, leading to apical bud growth. As S phase progresses, the mitotic cyclins, 
Clb1 and Clb2, accumulate and associate with Cdc28, which promotes the switch 
from apical to isotropic growth and initiate mitosis (Lew and Reed, 1995). The 
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activity of the Clb1, 2/Cdk complexes are not only regulated by transcription, but 
also controlled by inhibitory phosphorylation of Cdc28 by Swe1 (Booher et al., 
1993). Consistently, the G2/M transition in nitrogen starvation-induced 
pseudohyphal growth is delayed, which is thought to prolong apical growth (Ahn et 
al., 1999; Kron et al., 1994).  
      The possibility that the cyclin/Cdk for cell cycle control may have a role in 
regulating C. albicans hyphal growth has been tested. CaCLN1, which has the same 
cell cycle-specific expression pattern as CLN1 and CLN2 of S. cerevisiae, has been 
deleted (Loeb et al., 1999). Although C. albicans has other two G1-cyclin homologs, 
Cacln1 null mutants are slower in cell cycle progression, in contrast to the budding 
yeast, where deletion of Cln1 or Cln2 alone does not delay the cell cycle, indicating 
that the G1 cyclins of C. albicans may have distinct functions. Cacln1 null mutants 
are defective in hyphal formation on several solid media, but form normal hyphae in 
liquid inducing media except Lee’s medium (Loeb et al., 1999). Analysis of cell 
cycle progression in hyphal and yeast growth revealed that the cell cycle progression 
in both forms is quite similar, and there is no difference in the phosphorylation 
pattern of the conserved Tyr19 of CaCdc28 during the cell cycle, indicating that 
hyphal elongation is not mediated by the alteration of cell cycle progression or 
through inhibitory phosphorylation of Tyr19 of CaCdc28 (Hazan et al., 2002). This 
conclusion is corroborated by a recent finding that CaSwe1 is not required for 
hyphal growth (Wightman et al., 2004). It was also found that hyphal growth could 
be induced from any phase of cell cycle, suggesting that the hyphal program may 
control morphogenesis program directly (Hazan et al., 2002). However, the 
independence of hyphal signal in morphogenesis control is not absolute, because a 
proper hyphal morphology needs cooperation between the hyphal program and cell 
cycle program. For example, deletion of CaFKH2, a homolog of the transcription 
factors FKH1,2 that regulates CLB2 transcription in S. cerevisiae, caused 
constitutive pseudohyphal growth under all yeast and hyphal growth conditions 
(Bensen et al., 2002). Another interesting finding was that some cell cycle toxins, 
Chapter1                                                                 Introduction 
 21
such as hydroxyurea and nocodazole, which arrest the cells at S phase and M phase 
respectively, were found to cause cell elongation. A similar phenotype was reported 
for mutants depleted CaCDC5 (Bachewich et al., 2003) or CaMCM1 (Rottmann et 
al., 2003), genes having roles in cell cycle control. Interestingly, this kind of cell 
elongation initiated by cell cycle arrest is independent of Efg1 and Cph1, but 
depends on Cyr1 (Bachewich et al., 2003). The physiological relevance of these 
findings to true hyphal growth remains unclear.     
1.3.4 Septin ring and morphological control 
       Besides the polarization of actin cables and patches in the budding yeast, 
septin ring, consisting of 10-nm filaments on the inner surface of the plasma 
membrane at the bud neck, plays important roles in morphogenesis and other 
processes, such as spindle orientation, cell-cycle progression and providing a 
diffusion barrier between mother cell and growing bud (Longtine and Bi, 2003). 
Septin ring is composed of an evolutionarily conserved family of proteins known as 
septins including Cdc3, Cdc10, Cdc11, and Cdc12. Septins are among the earliest 
components localizing to the incipient bud site. When a bud emerges, septins form 
an hourglass-shaped collar at bud neck; later during cytokinesis, the hourglass splits 
into two separate rings (Gladfelter et al., 2001). The interest in the investigation of 
septin functions in C. albicans may be triggered by two observations. First, in the 
budding yeast, under non-permissive temperature temperature-sensitive mutants of 
septin genes are arrested with highly elongated buds (Hartwell, 1971), 
morphologically similar to the hyphae and pseudohyphae of C. albicans; second, the 
location of septin ring in true hyphae are different from pseudohyphae and yeast 
(Sudbery, 2001). In pseudohyphae and yeast cells, the septin ring appears at the 
neck between mother and daughter cells, whereas, during germ tube formation, first, 
a septin ring, named basal septin band, appears at the initial polarization site. Later, 
this ring disappears, while a second septin ring forms somewhere in the germ tube 
marking the site for septum formation (Sudbery, 2001). These observations suggest 
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that the septin ring, as a scaffold for many proteins, may be directly involved in 
hyphal formation. A plausible hypothesis was that during hyphal growth, delayed 
maturation of septin ring structures leads to hyperpolarized growth. However, recent 
findings proved that it is not that simple. The hyperpolarized bud growth of septin 
mutants is due to activation of a morphogenesis checkpoint, which inhibits Cdc28 
activity by Swe1p (Weiss et al., 2000). However, CaSwe1 is not required for true 
hyphal growth (Wightman et al., 2004).  
        Nevertheless, recent studies of C. albicans septins provided some 
interesting information. Gene deletion analysis demonstrated that CaCDC3 and 
CaCDC12 were essential genes, whereas the null mutants of CaCDC10 and 
CaCDC11 are viable (Warenda and Konopka, 2002). Though defective in bud 
morphology, the viable septin mutants are able to form hyphae under inducing 
conditions. Interestingly, the Cacdc10 and 11 null mutants form abnormally curled 
germ tubes, indicating that these septins may be required for stable polarized growth 
at the hyphal tips. The Cacdc11 null mutants are also defective for invasive growth 
when embedded in agar. These results suggest that septins have important role in 
hyphal development in both in vivo and in vitro conditions. 
        In the budding yeast, Nim1 kinases have been shown to play an important 
role in septin ring formation (Barral et al., 1999; Mortensen et al., 2002). In C. 
albicans, the function of two Nim1 kinases, CaGin4 and CaHsl1, have been 
investigated (Wightman et al., 2004). It was found that the formation of the basal 
septin band did not require CaGin4, which is otherwise critical for the organization 
of the later-formed septin ring. CaHsl1 is dispensable for the formation of both 
structures. Surprisingly, the Cagin4 and Cahsl1 null mutants constitutively form 
pseudohyphae. Moreover, the pseudohyphae due to CaGin4-depletion cannot convert 
to true hyphae when induced by serum, while true hyphae are formed when Gin4-
depleted G1 cells are induced. It was proposed that CaGin4 may regulate the switch 
from pseudohyphae to true hyphae. Although short of detailed explanation, the 
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observation itself establishes that the unique behavior of septin ring during hyphal 
growth may serve as a good model to study septin ring formation. 
      In summary, C. albicans is an excellent model to study how a fungal 
pathogen senses the environmental signals and changes its morphology. The 
investigation of morphological switch in C. albicans will contribute to the 
understanding of many fundamental biological processes such as signal transduction, 
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Chapter 2   Materials and Methods 
 
2.1 Reagents 
       All laboratory chemicals were purchased either from Sigma-Aldrich Co. 
(St.Louis MI, USA) or BDH Ltd. Enzymes were procured from New England 
Biolabs (Boston, MA, USA) and Roche Diagnositics (Mannheim, Germany). 
Radioisotope was purchased from Amersham (Piscataway, NJ, USA). 
Oligonucleotides used in this study were synthesized by Research Biolabs 
(Singapore). 
2.2 Strains and Culture conditions 
       C. albicans strains used are listed in Table 2.1. The strains were grown in 
either YPD (2% yeast extract, 1% bactopeptone, and 2% glucose) or GMM medium 
(2% glucose, 1× DifcoTM yeast nitrogen base w/o amino acid). To grow strains 
defective in uracil, arginine or histidine synthesis, the required nutrient was added to 
GMM (final concentration of uridine, arginine and histidine is 50 µg/ml). For hyphal 
growth in liquid medium, yeast cells were inoculated into one of the following three 
hypha-inducing media and incubated at 37oC: YPD containing 10% newborn calf 
serum; 1× RPMI1640 (GIBCOBRL), pH7.0; or Lee’s medium pH7.0 (Lee et al., 
1975). Solid medium containing serum was prepared by spreading 1 ml newborn 
calf serum onto 1.5% YPD agar plates and air-dried in a Laminar airflow hood. 
RPMI solid medium was prepared by adding 1 volume of 50× RPMI1640 to 49 
volume of 1.5% agar dissolved in water by autoclaving and cooled to 50oC. Solid 
spider medium contains 10 g of manitol, 2 g of K2HPO4, and 13.5 g of agar in 1 
liter (pH7.2 after autoclave). The agar-embedded growth condition is made by 
embedding cells in YPS agar medium (1% yeast extract, 2% bacto peptone, 
2%sucrose and 1% agar). AMM solid medium contained only 0.05 mM ammonium 
sulfate as nitrogen source and 1.5% agar. 5-fluoro-acetic acid (5-FOA) medium was 
prepared by adding 0.1% 5-FOA in synthetic complete medium (0.67% yeast 
nitrogen base without amino acids, 0.2% amino acid mix). 
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Table 2.1. C. albicans and S. cerevisiae strains used in this study  
Strains Genotype and origin 
   C. albicans strains 
SC5314 Clinical isolate from London Mycological Reference Laboratory 
CAI4 ura3::imm434/ura3::imm434           (Fonzi and Irwin, 1993) 
BWP17 ura3::imm434/ura3::imm434  his1::hisG/his1::hisG  arg4::hisG/arg4::hisG                    (Enloe et al., 2000) 
WYZ1 CaSPA2/Caspa2∆::ARG4                        this study 
WYZ2 Caspa2∆::ARG4/Caspa2∆::HIS1                  this study 
WYZ3 Caspa2∆::ARG4/Caspa2∆::HIS1, CaURA3          this study 
WYZ4 Caspa2∆::ARG4/Caspa2∆::HIS1, CaSPA2 CaURA3   this study  
WYZ5 CaSPA2/Caspa2::CaSPA2GFP CaURA3            this study 
WYZ6 Caspa2∆::ARG4/Caspa2::CaSPA2GFP CaURA3     this study 
WYZ7 CaCDC3/Cacdc3::CaCDC3GFP CaURA3           this study 
WYZ3.1 Same as WYZ2 except CaSPA2-GFP CaURA3      this study 
WYZ3.2 Same as WYZ2 except Caspa2(SDR1∆)GFP CaURA3 this study 
WYZ3.3 Same as WYZ2 except Caspa2(SHD-I∆)GFP CaURA3 this study 
WYZ3.4 Same as WYZ2 except Caspa2(SHD-V∆)GFP CaURA3  this study 
WYZ3.5 Same as WYZ2 except Caspa2(SHD-I&V∆)GFP CaURA3  this study 
WYZ3.6 Same as WYZ2 except Caspa2(SDR1&SHD-V∆)GFP CaURA3 this study  
WYZ3.7 Same as WYZ2 except Caspa2(613-1310∆)GFP CaURA3  this study 
WYZ3.8 Same as WYZ2 except CaTUB2/Catub2::CaTUB2GFP CaURA3 this study 
WYZ8 CaSPA2/Caspa2::CaSPA2GFP                   this study 
WYZ9 Catup1∆::ARG4/Catup1∆::HIS1 CaSPA2/Caspa2::CaSPA2GFP CaURA3                                     this study 
WYZ10 Canrg1∆::ARG4/Canrg1∆::HIS1 CaSPA2/Caspa2::CaSPA2GFP CaURA3                                      this study 
WYZ11 Same as CAI4 except CaTub2/Catub2::CaTUB2GFP CaURA3                                               this study 
CR153 cacdc35∆/cacdc35∆                     (Rocha et al., 2001) 
CaWY5 rfg1∆::HIS1/rfg1∆::URA3                        this study  
CaWY6 tup1∆::HIS1/tup1∆::URA3                       this study 
CaWY7 nrg1∆::HIS1/nrg1∆::URA3                       this study 
JKC19 cph1∆::hisG/cph1∆::hisG-URA3-hisG         (Liu et al., 1994) 
HLC52 efg1∆::hisG/efg1∆::hisG-URA3-hisG          (Lo et al., 1997) 
WYNR1 efg1∆::hisG/efg1∆::hisG cph1∆::hisG/cph1∆::hisG-URA3-hisG                                    (lab strains collection) 
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WYZ12 ura3::imm434/ura3::imm434 hgc1∆::ARG4/hgc1∆::HIS1  this study 
WYZ12.1 hgc1∆::ARG4/hgc1∆::HIS1, HGC1 URA3           this study 
WYZ12.2 hgc1∆::ARG4/hgc1∆::HIS1, URA3                 this study 
WYZ13 his1::hisG/his1::hisG hgc1∆::ARG4/hgc1∆::hisG-URA3-hisG  this study            
WYZ13.1 ura3::imm434/ura3::imm434 his1::hisG/his1::hisG hgc1∆::ARG4/hgc1∆::hisG                       this study 
WYZ14 hgc1∆::ARG4/hgc1∆::HIS1, CaSPA2/Caspa2::CaSPA2GFPURA3 this study       
WYZ15 hgc1∆::ARG4/hgc1∆::HisG  tup1∆::HIS1/tup1∆::URA3  this study 
WYZ16 hgc1∆::ARG4/hgc1∆::HIS1,  ACT1-promoter-HGC1 URA3 this study 
WYZ17 hgc1∆::ARG4/hgc1∆::HIS1,  HGC1-promoter-CaCLN1 URA3 this study 
WYZ18 hgc1∆::ARG4/hgc1∆::HIS1,  ACT1 promoter -CaCLN1 URA3  this study  
WYZ19 hgc1∆::ARG4/hgc1∆::HisG, CaCDC28-6MYC HIS1   this study 
WYZ20 hgc1∆::ARG4/hgc1∆::HisG, CaCDC28-6MYC HIS1 6HA-HGC1 URA3  this study 
   S. cerevisiae Strains 
W303 MATa ade2 ura3 leu2 trp1 his3 
US454 MATa cln1∆ cln2∆ cln3∆ ade2 ura3 (pMET3-CLN3)  (Li and Cai, 1999) 
WYZ21 MATa cln1∆ cln2∆ cln3∆ ade2 ura3  (pMET3-CLN3)   pGAL-HGC1  this study 
WYZ22 MATa cln1∆ cln2∆ cln3∆ ade2 ura3 (pMET3-CLN3)   pGAL-CaCLN1 this study 
 
 
2.3 Oligonucleotide primers 
2.3.1 Primers used in the study of CaSPA2 
CaSPA2 deletion 
 
   SPA2 ABf:  5' GTTAATTATTCGTAGCTGTAC 3'   
   SPA2 ABr:  5' GGGGGATCCTATATGTATAGTTTAGACTGTG 3' 
   SPA2 CDf:  5' GGGGGATCCTAAGATCCTGACACAAGC3'  




   TUP1 ABf:  5' AAGTCAGACATTACTGAG 3' 
   TUP1 ABr:  5' GGGGGATCCATGGAAGAAGTTGTGTTG 3' 
   TUP1 CDf:  5' GGGGGATCCAAAAAATAAGTGTGTAG 3' 




   NRG1 ABf:  5' CAACTAGGGATTCATCAT 3' 
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   NRG1 ABr:  5' GGGGGATCCGAAACTAGCAGGAAAAA 3' 
   NRG1 CDf:  5' GGGGGATCCGGTTAAATTTGGATGG 3' 
   NRG1 CDr:  5' ATAATATCTATGGCAATG 3' 
 
GFP C-terminal tagging constructs 
 
   yeGFPf:        5' GGGCTCGAGATGTCTAAAGGTGAAGAA3'  
   yeGFPr:        5' GGGATCGATTTTGTACAATTCATCCAT3' 
   GAL4UTRf:  5' GGGATCGATTGATGAGTTTGTTTTTTATC3'  
   GAL4UTRr:  5' GGGCCCGGGTTAGGGAGAACAGGTGAAG3'  
   SPA2GFPf:  5' GGGGGTACCTTCTGCACCAGTTAAAAG 3'  
   SPA2GFPr:  5' GGGCTCGAGTTCAAGATTTTGACTTATTC 3'  
   CDC3GFPf:  5' GGGGGTACCATTACTGCTCCTGGATTTG 3'  
   CDC3GFPr:  5' GGGCTCGAGACGTAAAAATCCTTTACG 3' 
 
CaSPA2 domain deletion 
 
   SPA2PRMf:   5' GGGGGTACCATTGATTCGTTCGTTTG3' 
   SPA2r:        5' GGGATCGATTATTCAAGATTTTGACTTATTC 
                    TAGC 3' 
   SPA2SHDVr:    5' GGGATCGATAGTTGCAGCTGCCATTG 3'  
   deSDR:        5' CATCTCGAGCTCAAAGA AGATCAGAACCAGATT 
                    ATTTATTACC 3' 
   deSHD-I:        5' CATCTCGAGCTCAAAGAGAAAGACAACTGCAACAT 
                     TCACAC 3' 
  




   HGC1 ABf:       5'GTTCTAACACAAGTGCAC3' 
   HGC1 ABr:       5'GTGTGGATCCGTTGTTGTTTTTGTTGTG3' 
   HGC1 CDf:       5'AAGAACAATCAAACTCAC3' 
   HGC1 CDr:       5'GTGTGGATCCTAGTGAAAATGATTCTCC3' 
 
HGC1 Rescue constructs 
 
   HGC1 PROMf:    5'CGTGGTACCAAATTTTACACAAAAAGAAAG3' 
   HGC1 ORFf:      5'CTCGAGATGATAAATATAACTAAACC3'  
   HGC1 ORFr:      5'GGCGCCATGAATCATATTACATAATCGAG3' 
   HGC1 UTRr:      5'GTGTCTGCAGACCGAAGTAACAATTCAGG3' 
 
Probe for Northern Blot 
 
   HGC1 F:          5'AACAACAACAACAAAACC3' 
   HGC1 R:          5'ATCATATTACATAATCGAG3' 
 
      
   CaCLN1 F:        5'AATGATTCCACTAACAAC3'  
   CaCLN1 R:        5'TTTAGTGTTGTGATGACC3' 
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Restriction site added is underlined. Additional residues were added 5' to the 
restriction site to facilitate complete restriction enzyme cleavage at the ends of PCR 
products. 
 
2.4 Recombinant DNA methods 
      General recombinant DNA methods were performed essentially as described 
by Sambrook et al. (1989). Polymerase chain reaction (PCR) was carried out with 
Vent DNA polymerase. Restriction enzyme digestion was performed using the 
appropriate buffers supplied by the manufactures. Blunt ending of DNA fragments 
was carried out using Klenow DNA polymerase. Dephosphorylation of cloning 
vectors was done using calf intestinal phosphatase (CIP). T4 DNA ligase was used 
for ligation of DNA fragments. DNA sequencing was performed with the Sequenase 
DNA sequencing kit (U.S. Biochemical, USA) according to the manufacturer’s 
instructions. 
 
2.4.1 Preparation of electrocompetent E. coli cells. 
The electroporation competent E. coli cells were prepared as follows: 
• Inoculate flasks of SOB (without Mg2+) with a 1:1000 dilution of a fresh 
saturated culture of E. coli. 
• Grow the cells with shaking at 200 rpm at 37°C until OD550=0.7 
• Spin down cells at 2000× g for 10 min. Keep the cells ice-cold 
throughout the procedure. 
• Wash cells by resuspending in a volume of ice-cold 10% sterile glycerol 
equal to that of the original culture. 
• Spin down cells at 2000× g for 10 min. Repeat the wash step twice. 
• Pour off supernatant and resuspend cells using the glycerol solution 
remaining in the centrifuge bottle. 
• Centrifuge at 2200× g for 10 min 
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• Decant supernatant and resuspend cells in 125 µl of ice cold 10% 
glycerol per 100 ml of original culture.  
• Freeze cells in 20 µl aliquots in liquid nitrogen. 
      For transformation, combine 20 µl of the electroporation competent cells 
with 1-2 µl of plasmid or ligation mixture in a 0.2 cm electroporation cuvette and 
leave on ice for 5 min. The electroporation is done using a Gene Pulser (Bio-Rad) at 
a voltage of 2 KV and with a resistence and capacitance of 200 Ω resistence and 25 
µF, respectively. Following electroporation, cells are resuspended in 1 ml of SOC 
and grown at 37°C for 1 h. Aliquots of the cells were spread onto agar plates 
containing the selective medium with the appropriate antibiotics. 
 
2.4.2 Plasmid preparation and analysis 
      Small-scale plasmid isolation from E. coli cultures was carried out using the 
QIAprep Miniprep Kit (QIAGEN Inc., Germany) according to the manufacturer’s 
protocol. 
• Spin down cells from a 5 ml overnight culture by centrifugation at full 
speed in an Eppendorf 5145c centrifuge (Eppendorf, Hamburg, Germany). 
Decant the supernatant and resuspend the cell pellet thoroughly in 250 µl 
of Buffer P1 (50 mM Tris-HCl, pH8.0; 10 mM EDTA; 100 µg/ml 
RNaseA). Transfer the cell suspension to a 1.5 ml microfuge tube. 
• Lyse cells by adding 250 µl of Buffer P2 (200 mM NaOH, 1% SDS). 
Mix gently by reverting the tube several times. 
• Add 350 µl of Neutralization Buffer N3 (3.0 M potassium acetate, pH5.5) 
and mix gently but thoroughly to prevent localized precipitation. 
• Centrifuge at full speed in the Eppendorf centrifuge for 10 min to pellet 
the precipitated proteins and genomic DNA. 
• Transfer the supernatant to the QIAprep column and centrifuge at full 
speed for 30-60 s. Discard the flow-through. 
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• Wash the column by adding 0.5 ml of Buffer PB and centrifuge at full 
speed for 30-60 s. Discard the flow-through. 
• Wash column with 0.75 ml of Buffer PE and centrifuge for 30-60 s. 
Discard flow-through and centrifuge the column for 1 min to remove the 
residual wash buffer. 
• Place the column in a fresh 1.5 ml microfuge tube. Add 50 µl of Buffer 
EB (10 mM Tris-HCl, pH 8.5) to the column; let it stand for 1 min 
before centrifugation to elute the DNA. 
Restriction digestions were performed to analyze the plasmid constructs. Normally, 
1-2 µg of the plasmid DNA was digested with 1-2 units of the appropriate enzymes 
in a 20 µl reaction at 37°C for 2 h. The digestion products were analyzed by 
agarose gel electrophoresis. 
 
2.4.3 Preparation of DNA probes 
       The DNA probes were prepared using the Random Primed DNA Labeling 
Kit (Roche Diagnostics). A mixture of all possible hexadeoxyribonucleotides was 
hybridized to the template DNA probe as primers for DNA synthesis. 
Complementary strands are synthesized from 3’-OH termini of the hexamers using 
Klenow enzyme in the presence of dNTP. Usually, dCTP or dATP is 32P-labeled.  
• Take 25 ng of template DNA in a volume of 9 µl H2O. Heat-denature the 
DNA at 95°C for 10 min followed by chilling on ice.  
• Add 1 µl each of dATP, dGTP, dTTP and 2 µl of 10× reaction buffer 
containing the hexadeoxyribonucleotide mixture. 
• Add 5 µl of [α-32P] dCTP, (3000 Ci/mmol) 
• Add 1 µl of Klenow enzyme (1 U/µl) and incubate the reaction at 37°C 
for 30 min. 
• Remove unincorporated dNTPs by chromatography on a TE-10 chroma-
spin column (Clontech Inc., La Jolla, CA, USA) by following the 
supplier’s procedure. 
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• Heat-denature the 32P-labeled DNA at 95°C for 10 min, chill on ice and 
add to the hybridization mixture. 
 
2.4.4 Southern blot 
     For Southern blot analysis, the genomic DNA was digested with the 
appropriate enzymes and electrophoresed through a 0.8% agarose gel. 
• Transfer DNA to nylon membrane (Pharmacia-Amersham) by the 
capillary transfer method using 10× SSC as the transfer buffer. 
• Following a 12-16 h transfer, air-dry the membrane and bake at 80°C for 
1hr. 
• Prehybridize the membrane in a rotary oven (Hoefer Scientific, CA, USA) 
at 42°C for 3 h in 20 ml of hybridization solution. 
• Add 32P-labeled DNA probe to the hybridization solution and carry out 
the hybridization in the rotary oven overnight at 42°C. 
• Wash the membranes once in 2× SSC containing 0.1% SDS for 30 min at 
65°C, then once in 1× SSC, 0.1% SDS at 65°C for 1 h. 
• Expose the membrane to X-ray film at -80°C. 
 
2.4.5 Northern blot 
       The RNA (25 µg each well) samples were separated on a 0.22M 
formaldehyde-1.2% agarose gel and blotted onto Hybond-N nylon membrane by 
capillary transfer using 20× SSC as transfer buffer. DNA fragments corresponding to 
the coding region were PCR-amplified from genomic DNA and 32P-labeled as 
probes. The PCR conditions were as follows: initial denaturation (95°C, 5 min) 
followed by 30 cycles of denaturation (95°C, 1 min), annealing (50°C, 1 min) and 
extension (72°C, 1.5 min). The prehybridation, hybridization and subsequent 
washing of the membranes were done as described for the southern analysis (see 
above). To confirm the equal sample loading in all the wells, the membranes were 
probed with 32P-labeled coding region of C. albicans actin gene (CaACT1). 
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2.5 C. albicans manipulations 
2.5.1 Transformation 
      The transformation of C. albicans by electroporation used in the present 
work was done as follows:  
• Grow C. albicans strains overnight in 30 ml YPD to a density of 2×108 
cells/ml. 
• Spin down cells at 3000× g for 10 min. 
• Resuspend cells at room temperature in 6 ml sterile water. Add 5 ml of 10× 
TE (PH8.0, 100 mM TrisHCl and 10 mM EDTA) and 0.75 ml of 10× LiAc 
(1 M LiAc, PH7.5). 
• Incubate the cell suspension on a shaker at 200 rpm at 30°C for 45 min. 
• Add 200 µl of 1 M DTT and continue incubation at 30°C for 15 min. 
• Centrifuge cells at 3000× g and wash the cells with 30 ml ice-cold water 
twice 
• Centrifuge cells at 3000× g and wash the cells with 10 ml ice-cold 1 M 
sorbitol 
• Spin down cells by centrifugation at 3000× g and resuspend cells in 100 µl 
of 1 M sorbitol 
• For electroporation, combine 40 µl cells with 0.1-5 µg DNA in an 
electroporation cuvetter with an electrodistance of 0.2 cm (bio-Rad) and 
pulse cells at 1.6 KV voltages, 200 Ω resistence and 25 µF capacitance 
• Resuspend the cells in 1 ml of YPD and grow at 30°C for 2 h 
• Pellet cells by centrifugation at 3000× g for 10 min and resuspend the cells 
in sterile water and plate on selective media 
• Incubate the plates at 30°C for 2-3 days. 
 
2.5.2 Preparation of C. albicans genomic DNA 
       Isolation of DNA from C. albicans was done sequentially by enzymatic 
removal of the cell wall, lysis of the spheroplast, precipitation of proteins and 
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purification of the DNA. Treating cells with the enzyme, zymolyse or lyticase (ICN 
or Sigma-Aldrich Co.), to remove the cell wall. 
• Grow cells overnight at 30°C in 10 ml YPD 
• Spin down cells at 3000× g in an Eppendorf microfuge for 5 min 
• Resuspend cells in 0.5 ml of a buffer containing 1 M sorbitol and 0.1 M 
potassium phosphate (pH7.5) and then transfer the cell suspension to a 1.5 
ml microfuge tube. 
• Add 5 µl of a 15 mg/ml solution of zymolyase, or lyticase and incubate at 
37°C for 60 min 
• Centrifuge in an Eppendorf microfuge at 11000× g for 5 min 
• Decant the supernatant and resuspend spheroplasts in 0.5 ml of 50 mM Tris-
Cl (pH7.4) and 20 mM Na2EDTA 
• Add 50 µl of 10% SDS and mix well. Incubate the mixture at 65°C for 30 
min. 
• Add 0.2 ml of 5 M potassium acetate and place the tube on ice for 60 min. 
• Centrifuge in an Eppendorf microfuge at full speed for 10 min. Transfer the 
supernatant to a fresh tube and add one volume of 100% isopropanol at room 
temperature. Mix and allow the mixture to sit for 5 min. Centrifuge briefly. 
Discard supernatant and air-dry the pellet. 
• Resuspend the pellet in 40 µl of TE (pH7.4). Add 1 µl of a 1 mg/ml solution 
of RNase A and incubate at 37°C for 60 min. 
 
2.5.3 Preparation of C. albicans RNA  
      Total RNA was isolated for gene expression analysis using Trizol reagent 
(LTI Inc., CA, USA). The following protocol is standardized for 30 ml culture of C. 
albicans. The yield of total RNA is about 500 µg. 
• Spin down cells at 2000× g. Wash once by resuspending the cell pellet in 
ice cold 1.2 M sorbitol followed by centrifugation at 2000× g 
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• Resuspend cells in 1ml of cold Trizol reagent and transfer to 1.5 ml 
screw cap plastic tube. Add 200 µl of pre-cooled acid-washed glass beads 
(400 µm diameter, Sigam-Aldrich Co Inc.). 
• Break cells in a Beadbeater (BioSpec Products Inc, Bartlesville, OK, 
USA) for three cycles of 2 min-beating at 4°C and 2 min chilling on ice. 
• Incubate the cell lysate for 5 min at room temperature to allow 
dissociation of nucleoprotein complexes. 
• Add 0.2 ml chloroform, cap the tube tightly and shake vigorously for 15 
s. incubate at room temperature for 5 min. 
• Centrifuge the tube at 12,000 rpm at 4°C for 15 min. 
• Transfer upper aqueous phase to a fresh 1.5 ml microfuge tube and add 
0.5 ml isopropanol. Incubate the tubes at room temperature for 10 min. 
• Centrifuge at 12,000 rpm at 4°C for 15 min. 
Remove the supernatant, wash pellet once with 1ml of 75% ice-cold ethanol. 
Remove the ethanol and air-dry the pellet for 10 min. Dissolve the pellet in 
appropriate amount of RNase-free water to give a final concentration of 5-10 µg/µl.   
 
2.5.4 Cell synchronization (Centrifugal elutriation) 
      C. albicans cells were grown overnight at 30°C in a medium containing 2% 
galactose and 1× yeast nitrogen base supplemented with amino acids. G1 cells were 
obtained by using a Beckman JE 5.0 centrifugal elutriation system by following 
manufacturer’s instruction.   
 
2.6 Gene disruption and integration 
2.6.1 CaSPA2, CaTUP1, CaNRG1, HGC1 gene deletion.   
      Gene deletion mutants were constructed by sequentially deleting the two 
copies of a gene from BWP17 (Enloe et al., 2000). A gene deletion cassette was 
constructed by flanking a marker gene, CaHIS1 or CaARG4, with AB and CD DNA 
fragments (~400 bp each) corresponding to the 5’ and 3’ untranslated regions of the 
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target gene, respectively. The oligonucleotide primers used to PCR-amplify the AB 
and CD fragments, together with all the primers used in this study, are listed in 
section 2.3. Appropriate restriction sites are added to some primers to facilitate 
ligation. Transformants were selected by using appropriate dropout GMM media and 
correct deletion was confirmed Southern blotting    
 
2.6.2 Plasmid constructs for GFP tagging  
       A plasmid for C-terminal GFP tagging of genes was first constructed as 
follows: the coding sequence of yEGFP (Cormack et al., 1997) was PCR-amplified 
using two primers, yeGFPf and yeGFPr, with Xho I and Cla I sites added to the 5’ 
and 3’ end of the gene, respectively. The PCR product was cleaved with Xho I and 
Cla I and cloned into plasmid CIp10 (Murad et al., 2000b) at corresponding 
restriction sites, yielding pCIpGFP. The 3’ untranslated region (UTR) of CaGAL4 
was amplified from SC5314 genome DNA by using primers GAL4UTRf and 
GAL4UTRr with Cla I and Sma I sites attached to the 5’ and 3’ ends. After 
cleavage by Cla I and Sma I, the GAL4UTR fragment was cloned into pCIpGFP 
between Cla I and Eco RV sites, yielding plasmid pCIpGFPutr. The RP10 gene, 
originally present in CIp10, was removed from this plasmid by Bgl II and Bam HI 
digestion, followed by self-ligation yielding plasmid pGFPutr. For the convenience 
of description of nucleotide positions, the first nucleotide of the start codon ATG of 
a gene was designated as nt 1. For C-terminal tagging of endogenous CaSPA2 and 
CaCDC3 genes, a 3’ region of CaSPA2 (nt 3347-4398, primers SPA2GFPf and 
SPA2GFPr) and CaCDC3 (nt 189-1137, primers CDC3GFPf and CDC3GFPr) 
coding sequences without stop codon were PCR-amplified from SC5314 genomic 
DNA with Kpn I and Xho I sites added to the 5’ and 3’ ends, respectively, and then 
inserted in frame in front of GFP-coding sequence in pGFPutr predigested with Kpn 
I and Xho I. The plasmids containing the fusion construct were linearized at the 
unique Sal I site (nt 3925) within the CaSPA2 fragment and Bgl II site (nt 966) 
within the CaCDC3 fragment, respectively, and transformed into CAI4 (Fonzi and 
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Irwin, 1993), BWP17 (Enloe et al., 2000), Catup1∆/Catup1∆ and Canrg1∆/Canrg1∆. 
Transformants were selected on uracil-dropout GMM plates supplemented with 
required amino acids. The C-terminal tagging of endogenous CaTUB2 gene was 
carried out as described (Hazan et al., 2002). 
  
2.6.3 CaSPA2 domain-deletion constructs.  
       The plasmid pGFPutr described above was first modified by removing the 
Cla I site at the 3’ end of GFP by a point mutation and converting the Xho I site 
immediately in front of GFP to a Cla I site by site-directed mutagenesis using the 
QuickChange® Site-Directed Mutagenesis Kit (Stratagen). Then we PCR-amplified 
the entire CaSPA2 ORF without stop codon together with its promoter sequence 
(683 bp) by using primers SPA2PRMf and SPA2r with Kpn I and Cla I sites added 
at 5’ and 3’ ends, respectively. The PCR fragment was cleaved with Kpn I and Cla I 
and inserted between Kpn I and Cla I sites in front of GFP in the modified 
pCIpGFP. This plasmid was then used as a template to create various deletion 
mutants of CaSPA2. To delete a short region such as SDR1 (nt 109-201) and SHD-I 
(nt 109-352), we used oligonucleotides deSDR and deSHD-I containing sequences 
flanking the region to be deleted in a mutagenesis reaction using QuickChange® 
Site-Directed Mutagenesis Kit.  To delete SHD-V, we used a pair of primers, 
SPA2PRMf and SPA2SHDVr, to amplify a DNA fragment from the 5’ end of the 
promoter to the nucleotide in front of SHD-V domain with 5’ Kpn I and 3’ Cla I 
ends added. This PCR fragment was inserted between Kpn I and Cla I sites in front 
of GFP gene in pCIpGFP. A unique Bgl II site (nt –304) within CaSPA2 promoter 
was used to linearize all the plasmids followed by transformation into Caspa2∆ 
mutant. Each of the plasmid was integrated at the genomic locus of CaSPA2 at the 
promoter region.  
 
2.6.4 Constructs in the study of HGC1 
Chapter 2                                                        Materials and methods 
 37
       HGC1 coding region with ~1000-bp 5'- and 1700-bp 3'-UTR was PCR-
amplified and cloned between the Kpn I and Spe I sites of plasmid CIp10 (Murad et 
al., 2001b). This plasmid (pCIp10HGC1) was linearized at the Xba I site in the 
promoter and integrated into HGC1 promoter in WYZ12, yielding strain WYZ12.1. 
CIp10 alone was also introduced into WYZ12 at the RP10 locus to yield strain 
WYZ12.2. A second hgc1∆ strain was constructed from BWP17 by using ARG4 and 
HisG-URA3-HisG cassettes yielding WYZ13 and WYZ13.1 after looping out URA3 
on 5-FOA plate. WYZ13.1 was used to construct strains WYZ15, 19 and 20. 
       Strains for immunoprecipitation analysis were constructed as follow, the 
nucleotide sequences for ×6HA (YPYDVPDYA) and ×6myc (LDEESILKQE) were 
synthesized with restriction sites added to the ends. The ×6myc sequence was 
inserted in front of the stop codon of CaCDC28 in a DNA fragment corresponding 
to the 3' half of the gene containing a unique Xho I site. The DNA fragment was 
cloned in a modified pCIp10 in which the CaURA3 gene had been replaced by HIS1. 
After Xho I cleavage, the plasmid was used to replace the 3' end of a copy of 
CaCDC28 in WYZ13.1 yielding WYZ19. The ×6HA tag was inserted after the start 
codon of HGC1 in pCIp10HGC1, linearized with Xba I and integrated at the 
promoter in WYZ13.1 yielding WYZ20. Both CaCdc28-myc and HA-Hgc1 are 
functional, because they could support normal cell growth as the sole allele.   
 
2.7 Microscopy and fluorescence studies 
       We used a Leica DMR fluorescence microscope with 100×objective and a 
Hamamatsu digital camera interfaced with METAMORPH software (Universal 
Imaging). Cell morphology was examined by using differential interference contrast 
optics (DIC) for morphological analysis. GFP was visualized by using fluorescence 
setting. For morphology and GFP localization, living cells were examined 
immediately without fixing. Nuclei were stained directly by using the Vectorshield 
mounting medium containing DAPI.  
 
 






2.7.1 Calcofluor and Phalloidin staining 
 
      For cell wall and actin staining, the cells were fixed by the addition of 37% 
formaldehyde directly to the culture to a final concentration of 3.7% and incubated 
at 25oC for 2 h or at 4 oC over night. Cell wall was stained by using Calcofluor 
White as previously described (Loeb et al., 1999). Cells were resuspended in 1 
mg/ml Calcofluor Solution (Fluorescent Brightener 28, Sigma) and washed twice 
with distilled water. Actin staining was performed by using rhodamine phalloidin 
(Molecular Probes) following standard procedures (Adams and Pringle, 1991).  
 
2.7.2 Scanning electron microscopy analysis 
     Cells for scanning electron microscopy (SEM) were prepared as described 
previously (Herrero et al., 1999). Cells were harvested, washed in 0.1 M sodium 
phosphate buffer, pH 7·4, prefixed with glutaraldehyde (5% glutaraldehyde in 0.1 M 
sodium phosphate buffer, pH 7·4) for 1 h, washed twice in buffer and placed in 1% 
osmium tetraoxide for 1 h at 4 °C. The material was subsequently washed in distilled 
water and dehydrated in a graded acetone series. The dehydrated cells, immersed in 
absolute acetone, were mounted on specimen holders, air-dried, coated with gold in 
a SEM Coating System (Bio-Rad) and visualized with a JEOL JSM-6400 scanning 
electron microscope.  
 
2.8 Flow Cytometric Analysis 
      Cell samples were collected from liquid cultures for analyzing the 
distribution and content of DNA by fixing cells with 70% ethanol either for 1 h at 
room temperature or overnight at 4°C. Cells were then harvested, washed once with 
0.2 M Tris-HCl pH7.5 containing 20 mM EDTA and resuspended in 0.1 ml of a 
propidium iodide (PI) solution (50 µg/ml PI in PBS) containing 1 mg/ml RNase and 
incubated for 4 h at 37°C. The cells were subsequently diluted 10× in PBS, 
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sonicated and the DNA content of 10,000 cells per sample was determined with a 
FACScan flow cytometer (Becton Dickinson, USA) and the data was analyzed using 
the Cell Quest Version 3.3 Software. 
 
2.9 Protein work 
2.9.1 C. albicans protein extract preparation 
       Cells were harvested by brief centrifugation and washed once with Stop 
Mix (0.9% NaCl, 1 mM NaN3, 10 mM EDTA, 50 mM NaF) and resuspended in 
200 µl of ice-cold lysis buffer (1%Triton X-100, 1% sodium deoxycholate, 0.1% 
SDS, 50 mM Tris-HCl pH7.2, 1 mM PMSF, 20 µg/ml leupeptin, 40 µg/ml aprotinin, 
0.1 mM Na-orthovanadate, 15 mM p-nitrophenylphosphate). 200 µl of 500 µm acid-
washed glass beads (Sigma) were added to the cell suspension and the cells were 
lysed by vortexing vigorously at 4°C. Following centrifugation to spin down the 
cellular debris, the supernatant comprising the crude cell lysate was collected and 
stored at -80°C. Protein concentrations were determined by using the Bradford 
Protein Assay (Bio-Rad). 100 µg of total protein in SDS-loading buffer (100 mM 
dithiothreitol, 50 mM Tris-HCl pH6.8, 2% SDS, 0.1% bromophenol blue, 10% 
glycerol) was boiled for 4 min and loaded for SDS-PAGE. 
 
2.9.2 Western blot 
        SDS-PAGE was carried out as described in standard protocols (Sambrook 
et al., 1989) using the Mini-PROTEAN II electrophoresis system (Bio-Rad, USA) in 
Tris-glycine buffer (25 mM Tris, 250 mM glycine, 0.1% SDS). The proteins 
resolved on SDS-PAGE were then transferred onto Hybond C nitrocellulose 
membrane (Amersham, UK) using either the Transblot semi-dry transfer cell (Bio-
Rad) or the Bio-Rad Wet Transfer System in transfer buffer (48 mM Tris, 39 mM 
glycine, 10% methanol). The membrane was then incubated 3×10 min in blocking 
buffer (PBS containing 3.5% skimmed milk) at room temperature. The membrane 
was incubated overnight at 4°C with the primary antibody in PBS containing 3.5% 
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skimmed milk and washed extensively in PBS containing 0.05% Tween-20 and 
subsequently in PBS. The membrane was then incubated in PBS containing 3.5% 
skimmed milk and the horseradish peroxidase-conjugated secondary antibody for 2h 
at room temperature. The membrane was then extensively washed in PBS containing 
0.05% Tween-20 and subsequently in PBS. Antibody-antigen complexes were 
visualized with the EnhancedChemiLuminescence (ECL) system (Amersham, UK). 
 
2.9.3 Immunoprecipitation and Kinase Assays 
       For immunoprecipitation of HA-Hgc1, ~1 mg of protein extract was 
incubated with rabbit anti-HA antibody Y-11 (Santa Cruz Biotechnology, Inc.) for 
1 h at 4°C and then with protein A-Sepharose beads (Pharmacia) for 1 h at 4°C. The 
beads were washed 4 times with RIPA buffer (1% TritonX-100, 1% Nadeoxycholate, 
0.1% SDS, 150 mM NaCl, 50 mM Tris-HCl pH 7.2) and twice with 25 mM MOPS 
(pH7.2). 6 µl of buffer HBII (60 mM glycerophosphate, 25 mM MOPS pH 7.2, 15 
mM p-nitrophenylphosphate, 15 mM MgCl2, 5 mM EGTA, 1 mM DTT, 1 mM 
PMSF, 20 µg/ml leupeptin, 40 µg/ ml aprotinin, 0.1 mM Na-orthovanadate) was 
then added to each sample. Anti HA and Myc antibodies were used to detect HA-
Hgc1 and CaCdc28-myc (Clontech) in Western blot. The kinase assay was 
performed by incubating the beads with 20 µg of histone H1 (Sigma) and 5 mM 
32P-ATP (10 mCi/ml) at room temperature for 12-15 min followed by termination of 
the kinase reaction by the addition of SDS-loading buffer. The samples were boiled 
for 4 min and loaded on 10% SDS polyacrylamide gels. Following electrophoresis, 
the gel was fixed, dried and used to film exposure.  
 
2.10 Virulence test in mice   
       Female Balb/c mice (Jackson Laboratories) aged 8 weeks were used in the 
virulence test. Cells from each C. albicans strain were grown in YPD to log phase, 
washed three times and resuspended in PBS at a concentration of 1×107 cells ml 1. 
The cells were injected through the tail vein. The exact injection amount is 
Chapter 2                                                        Materials and methods 
 41
described in the sections of virulence test in the Chapter 3, 4. Two days after 
injection, organs, such as kidneys, brains, spleens and hearts were removed from at 
least 4 mice for histology experiment. The rest of the mice were monitored daily for 
death. One kidney was cut into two coronal pieces, and the other into two sagittal 
pieces. One piece from each kidney was fixed in 10% formalin for periodic acid
Schiff staining (Sigma).  
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Chapter 3   The role of CaSPA2 in polarity establishment and 
maintenance in C. albicans 
 
3.1 Introduction 
              In S. cerevisiae, a group of proteins, Spa2p, Bud6p, Bni1p, and Pea2p, found 
in a complex named polarisome, are thought to cooperate to control actin polarization 
during cell growth (Snyder, 1989; Flescher et al., 1993; Valtz and Herskowitz, 1996; 
Fujiwara et al., 1998; Roemer et al., 1998; Sheu et al., 2000; Ozaki-Kuroda et al., 
2001). These proteins have been found to localize to growth sites in a cell cycle 
dependent manner. Mutations in the polarisome genes commonly cause the formation 
of round cells due to defective apical bud growth (Sheu et al., 2000). Furthermore, 
mutations in these genes also cause defects in bud site selection, shmoo formation, 
cytokinesis and pseudohyphal growth. In C. albicans, during yeast growth, actin 
polarization occurs at sites and stages similar to S. cerevisiae (Anderson and Soll, 
1986). During true hyphal growth, however, cell growth is persistently confined to 
hyphal tips, which is independent of cell cycle control (Staebell and Soll, 1985; 
Anderson and Soll, 1986). Several conserved proteins involved in actin assembly in S. 
cerevisiae have been shown to play a role in C. albicans hyphal growth, such as 
Cdc42p, Cdc24p, Bem1p, and Cla4p (Leberer et al., 1997; Michel et al., 2002; Hasan 
and Liu, 2002; Ushinsky et al., 2002; Bassilana et al., 2003). However, it is not clear 
whether proteins homologous to the polarisome components are required for C. 
albicans hyphal growth. We chose to first work on the SPA2 homologue (named 
CaSPA2), because Spa2p is one of the first proteins involved in bud formation to 
localize to the incipient bud site in S. cerevisiae (Snyder, 1989; Ayscough et al., 1997). 
In this chapter, data are presented to demonstrate that CaSpa2p plays an important role 
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in polarity establishment and maintenance in C. albicans and its different domains are 
required for different functions of the protein. 
 
3.2 Comparison of Spa2p and CaSpa2p amino acid sequence 
              An open reading frame (contig6-2427, orf6.5791) encoding a protein of 1446 
amino acids (aa) was identified by a BLAST-homology search of C. albicans genome 
database using SPA2 sequence. This protein designated as CaSpa2p is the only one that 
shares significant homology with Spa2p in the genome. S. cerevisiae contains another 
SPA2 homologous gene, SPH1 (Arkowitz and Lowe, 1997; Roemer et al., 1998). 
Though the overall identity of these two proteins is only 23%, the identity near the 
ends is considerably higher than other regions. The amino (N) terminal region 
corresponding to 35-120 aa of CaSpa2p and the carboxyl (C) terminal 160 aa are 70% 
and 64% identical, respectively (Fig 3.1). Based on sequence alignment with Sph1p, 
five Spa2p homology domains (SHD-I to V) had been defined. SHD-I domain located 
at the N-terminal conserved region, contains two tandem 30-aa repeats, named SPA2 
direct repeat elements (SDR) (Roemer et al., 1998) . The SDR of both Spa2p and 
Sph1p has been shown to interact with components of two mitogen-activated protein 
(MAP) kinase pathways important for mating, filamentous growth and cell wall 
integrity (Roemer et al., 1998; Sheu et al., 1998). The SDR was shown to be required 
for efficient mating (Arkowitz and Lowe, 1997). The SDR is also present in members 
of the GIT family of ADP-ribosylation factor GTPase-activating proteins in the 
humans, nematodes and fruit flies (Roemer et al., 1998; Zhao et al., 2000), suggesting 
that its function may be evolutionarily conserved. The C-terminal 160-aa region 
corresponds to SHD-V domain. This region of Spa2p has been shown to directly 
interact with Bni1p (Fujiwara et al., 1998). Regions matching SHD-II, III and IV are 
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also identifiable in CaSpa2p, however sequence identities are low. SHD-II named as 
the ‘Spa2 Box’ by Arkowitz and Lowe (1997) was shown to be necessary and 
sufficient for Spa2p localization. However, the corresponding region in CaSpa2 has 
only 17% identity with Spa2p in sharp contrast to the 42% identity between Spa2p and 













Figure 3.1  Partial amino acid sequence alignment of S. cerevisiae (Sc) Spa2p and 
C. albicans (Ca) Caspa2p. Identical residues are shaded. The Spa2 homology 
domains (SHD-I and V) are denoted by two pairs of enclosing arrows. Spa2p direct 
repeat elements (SDR1 and 2) within SHD-I are underlined.  
 
 
3.3 Subcellular localization of CaSpa2p in yeast and hyphal cells 
            To determine the function of CaSpa2p in C. albicans polarized growth, we first 
decided to examine its cellular localization during yeast and hyphal growth. CaSPA2 
was tagged with GFP at its C-terminus in the genomic locus in strain BWP17, so that 
MGTSSEVSL AHHRDI F HYYVSL KT F FEVT GEN- - RDRSNSTRAQKARAKL L KL SSSQF YE 58S
MS- - - - - - - - - EKDL VQHYKVL KQF L A I SDDQQSRSKSNSSRAQRAREKL L KL SSAQF KE 51C
L STDVSDEL QRRI GEDANQPDYL L PKANF HMKRNQARQKL ANL SQT RF NDL L DDI L F EI K 118S
L STDVYDEL RRRI DESRSEPDYL L PKSSF HPKRNQARQKL ASL PQT RF KDL VADI SYEI E 111C
RRGF - - DKDL DAPR- - - - - - - - PPL PQPMK- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 138S
RRDL HVERQL QHSHT T SMSSNGSQFQHERKSSL ASSHHRNDSANGYHSRL ASHHL NDF AA 171C
- QEVSKDSDDT ART ST NSSSVTQVA- - - - - - - - PNVSVQPSL VI PKMASI DWSSEEEEEE 189S
T KEVDEEKESDSRDDL NNT SSKNI TMPNAEASNQSI GI QPSQVVPT KANL DWSSDDEGDD 231C
SHD-I 
SDDDDSSYQF VPMKHEEQEQEQNRSEEEESEDDDEEEEDSDF DVDT FD I ENPDNT L SEL L 1322S
T PESEESY- - - - - - SEEET EEE I RAR- - QRQEYRKSMAAAT F NVDL FD I DDPDNT L T QVL 1325Ca 
L YL EHQT MDVI ST I QSL L T S I K KPQVT KGNL RGESNA I NQV I GQMVDAT S I SMEQSRNAN 1382S
L YL EHQT V QVI NT I QSL L AA I K KPNAT RGEL REKT KA I T I V I SQMTEAT NTSMNQTRNAQ 1385Ca 
L KKHGDWVVQSLR SRRMT I L CQL T GDGI L AKEKSDQDYADKNF KQRL AG I A F DVAKCT 1442S
L KEHGSWVVRSLE YHRMN I L CK- - - - - - - PGEKPDTSF ADKNF KQRL AG I S F D I AKCT 1438Ca 
KEL VKTVEEASL KDE I N YL NSK- - - - L K 1466S
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the fusion protein was expressed from the endogenous promoter. To test whether the 
fusion proteins is functional, we first deleted one copy of CaSPA2 (yielding WYZ1), 
and then tagged the remaining copy. The obtained strain (WYZ6) is identical to the 
wild-type strain (SC5314) in morphology, growth rates and hyphal growth in several 
hypha-inducing media, indicating that first, the fusion protein is functional, and second, 
a single copy of the gene is sufficient for normal cell growth. (for Caspa2∆ phenotype, 
please refer to pg50) 
             First, we checked the CaSpa2p localization in yeast growth. Synchronous G1 
cells obtained by centrifugal elutriation, were released into YPD at 30oC and aliquots 
collected at 15-min intervals for microscopic examination. By ~65 minutes a tight 
fluorescent spot was clearly detected at the site of the emerging buds of many cells 
(Fig 3.2A). Later, in small budded cells the fluorescence concentrated at the bud tip. 
Afterward, in cells with a medium-sized bud, the fluorescence appeared like a cap at 
the bud tip. In the large budded cells, the fluorescence disappeared from the tip and 
was observed at the bud neck. In the next cell cycle, CaSpa2p-GFP repeated this 
localization pattern. Localization of CaSpa2p-GFP in a random cell population grown 
under the same condition was also checked, the same pattern was seen in cells with 
corresponding morphology (Fig 3.2B). Taken together, during yeast growth CaSpa2p 
localized to distinct sites in a manner spatially and temporally similar to Spa2p in S. 
cerevisiae.  
             It was reported that during hyphal growth, actin polarized to hyphal tips in a 
consistent and cell cycle-independent manner (Staebell and Soll, 1985; Hazan et al., 
2002). Does CaSpa2p have a similar behavior during hyphal growth? To answer this 
question, we released synchronous G1 cells into YPD containing 10% serum at 37oC 
for hyphal growth. Aliquots of cells were collected for inspection at 15-min intervals 
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for up to 4 h (Fig 3.2C). By 30 min most cells started to display a small, bright 
fluorescent spot at the tip of the emerging germ tubes.  By 45 min ~90% of the cells 
had formed a short germ tube with bright tip fluorescence. As the fluorescence was 
present at the tip of almost every germ tube or hypha during the entire 4-h time-lapse 
observation, we concluded that the tip localization of CaSpa2p-GFP was constant and 
independent of cell cycle, strongly suggesting a role of the protein in hyphal growth.  
Notably, CaSpa2p-GFP was rarely detected at cytokinesis sites (<1%) at any time 
point. For comparison, in a strain (WYZ7) expressing GFP-tagged septin CaCdc3p the 
label was readily detected at the septa (Fig 3.2D).  
              Catup1∆ mutant is constitutive for filamentous growth which was classified 
as pseudohyphae based on the readily detectable constriction at the septum.  To 
determine whether CaSpa2p also exhibits persistent tip localization in Catup1∆, one 
copy of CaSPA2 was tagged with GFP in Catup1∆ (WYZ9). The mutant carrying the 
fusion gene was indistinguishable from Catup1∆ in growth and morphology. Mid-log 
phase cells grown in YPD at 30oC were examined for CaSpa2p-GFP localization. The 
mutant formed long branched filaments under this condition. Since shallow 
constrictions were visible, the length of the apical cells could be easily determined. 
The size of different apical cells varied from emerging buds (including lateral buds) to 
fully elongated cells, corresponding to a full spectrum of cells at different cell cycle 
stages. Surprisingly, we detected CaSpa2p-GFP at every tip of the apical cells and 
buds (Fig 3.3), suggesting a persistent CaSpa2p-GFP localization to the growth tips in 
Catup1∆. CaSpa2p-GFP was seen at the septa only in a small number of apical cells. 
However, this label always coexisted with the tip fluorescence. Canrg1∆ also exhibits 
constitutive filamentous growth (Murad et al., 2001c). Differing from Catup1∆, 
Canrg1∆ cells grow as a mixture of cells with different degrees of elongation. Next we 
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examined CaSpa2p-GFP in Canrg1∆ (WYZ10). Again, the protein was found to 
concentrate at nearly every visible tip of all apical cells and lateral buds (Fig 3.3). 
Taken together, the results suggested that the localization of CaSpa2p-GFP in long 
















Figure 3.2 CaSpa2p-GFP localized to sites of cell growths in C. albicans.  
A. CaSpa2p-GFP localization in yeast cells. G1 cells of strain WYZ5 obtained by 
centrifugal elutriation were released into YPD at 30oC and collected at timed intervals 
for microscopy.  Images were captured by using differential interference phase contrast 
(DIC) and GFP settings. B. A random population of WYZ5 yeast cells grown in YPD 
at 30oC to exponential phase. C. CaSpa2p-GFP localization in hyphal cells. Elutriated 
WYZ5 G1 cells were released into YPD containing 10% serum and incubated at 37oC. 
Samples were harvested at timed intervals for microscopy. D. Septal localization of 
CaCdc3p-GFP. The C. albicans strain WYZ7 expressing CaCdc3p-GFP was prepared 
and grown as described above in C. Arrows denote septa. 
 

















Figure 3.3 CaSpa2p-GFP persistently localized to the tips of filaments in Catup1∆ 
and Canrg1∆ mutants. Catup1∆ (strain WYZ9) and Canrg1∆ (strain WYZ10) 







3.4 Construction of Caspa2∆ 
               The localization pattern of CaSpa2p-GFP suggests that it may play an 
important role in polarized growth in C. albicans. To investigate whether cells lacking 
CaSPA2 are defective in polarized growth, we constructed a Caspa2∆ strain (WYZ2) 
by replacing one copy of CaSPA2 with ARG4 and the other with HIS1 in strain 
BWP17. Since WYZ2 is Ura-, we introduced URA3 on plasmid CIp10 by integration at 
Chapter3                                                                                        Functional characterization of CaSPA2 
 50
the RP10 locus to create WYZ3. To confirm that all the defects of Caspa2∆ are the 
result of CaSPA2 deletion, CaSPA2 with its own promoter was cloned in CIp10 and 
reintroduced into WYZ2 by integration at the CaSPA2 locus (WYZ4). This strain was 
used in all the experiments described below that compare phenotypes of the wild-type 
(SC5314) and Caspa2∆ (WYZ3) and found to be indistinguishable from the wild type, 
indicating that the defects of Caspa2∆ were the consequence of CaSPA2 deletion. The 
genotype of all the strains mentioned above are confirmed by Southern blot. 
 
3.5 Defects of CaSpa2 ∆ cells in polarized growth 
           First, we checked cell wall, bud scars and septa of Caspa2∆  and CaSPA2 cells 
by Calcofluor staining, because random budding and the formation of cell surface 
protrusions have been reported in S. cerevisiae cells mutated for polarisome genes. 
Caspa2∆ cells exhibited a range of defects in comparison with CaSPA2 (Fig 3.4A).  
First, the size of the mutant cells varied considerably. Some of the cells were 
abnormally large with irregular shape, possibly due to defective cytokinesis. Second, 
the bud necks were much wider and ~10% of the cells had a highly elongated neck 
with misplaced septa, suggesting defects of actin polarization at the initiation of bud 
formation. Third, Caspa2∆ cells exhibited a random budding pattern in contrast to the 
bipolar budding pattern in the CaSPA2 cells. Furthermore, many Caspa2∆ cells had 
multiple, random surface protrusions, looking like tall bud scars under scanning 
electron microscope (Fig 3.4B). We speculated that the tall bud scar like structure 
could be the result of the misplacement of cytokinesis site along the abnormal 
elongated bud neck. We cannot exclude that some protrusions may be emerging buds.   
           Next, we examined Caspa2∆ cells for hyphal growth by inoculating yeast 
culture into YPD containing 10% serum at 37oC. We found that Caspa2∆ and CaSPA2  












Figure 3.4 Caspa2∆ mutant exhibited defects in morphology and budding pattern 
during yeast growth. Cells of Caspa2∆ (WYZ3) and CaSPA2 (WYZ4) were grown to 
exponential phase in YPD at 30oC.  A. Calcofluor cell wall staining. B. Scanning 
electron microscopy.  
 
 
cells produced germ tubes at similar rate, indicating that CaSpa2p is not essential for 
hyphal formation. However, in contrast to the thin and straight germ tubes of the 
CaSPA2 cells, those of the mutant cells were obviously thicker and ~60% of them 
curved or bended sharply (Fig 3.5),  similar to that of the septin gene Cacdc10∆ mutant. 
However, unlike the septin gene mutants, Caspa2∆ had no defects on the site selection 
of the second hyphae. With prolonged incubation, the germ tubes of the Caspa2∆ cells 
grew into thick, curvy hyphae. Similar phenotypes were also observed in two other 
hypha-inducing media Lee’s medium (pH7.0) and RPMI-1640. The results show that 
in Caspa2∆, the growth of hyphal tip was apparently confined to a much broader area 
at cell surface, generating markedly thicker hyphae than in CaSPA2.  
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              Because S. cerevisiae spa2 and spa2 sph1 null mutants are defective in 
pseudohyphal growth, and some C. albicans hyphal mutants exhibit more severe 
defects on solid media, we decided to test Caspa2∆’s ability of filamentous growth on 
several solid hypha-inducing media. It was found that Caspa2∆ cells formed colonies 
with rather smooth surface, while CaSPA2 formed long, branched filaments radiating 
from the colony periphery on both the serum- and RPMI-containing media (Fig 3.6). It 
was also found that on a solid medium containing only 1.5% agar and 0.05 mM 
ammonium sulphate CaSPA2 cells grew as long helical filaments, whereas Caspa2∆ 
cells grew mainly as yeast. Examined daily over the entire one-week incubation, 
Caspa2∆ did not show any significant filamentous growth at any time. The results 
demonstrate that CaSpa2p is required for filamentous growth on solid media, a 

































Figure 3.5 Caspa2∆ mutant showed defects in hyphal growth. The yeast cells of 
Caspa2∆ (WYZ3) and CaSPA2 (WYZ4) were inoculated into YPD containing 10% 




























Figure 3.6 Caspa2∆ was defective in filamentous growth on solid media. Three 
hypha-inducing solid media were prepared containing either 1X RPMI1640, 10% serum 
or 0.05 mM ammonium sulphate (AMM). The yeast cells of Caspa2∆ (WYZ3) and 
CaSPA2 (WYZ4) were spread onto each of the solid media and incubated at 37oC. The 
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3.6 Actin localization in Caspa2∆ cells 
              To better understand the cellular defects of Caspa2∆ mutant cells, we 
examined actin localization in the yeast cells of random populations. In the wild-type 
cells, actin polarized to the sites of cell growth such as the presumptive budding site, 
the bud tip and the site of cytokinesis (Fig 3.7B, a). The Caspa2∆ cells that had 
relatively normal morphology exhibited a similar pattern of actin localization, whereas 
in the enlarged or misshapen cells, actin stain was often diffused and many abnormally 
large actin patches were observed (Fig 3.7B, b). The result suggests that CaSpa2p is 
required for normal actin localization in yeast cells.  
             We also compared actin localization in the hyphae of CaSPA2 and Caspa2∆. 
Actin patches and cables were observed to polarize toward hyphal tips persistently 
from the onset of germ tube formation throughout the hyphal growth and on both sides 
of a septum at cytokinesis stage in both strains (Fig 3.7A). The result suggests that 
CaSpa2p may not be critically required for actin polarization to hyphal tips and septa 
during hyphal growth. However, we cannot exclude the possibility that other redundant 
pathways may exist in C. albicans. 
 
  
3.7 Multinucleate Caspa2 ∆ cells 
              To our surprise, a significant number of multinucleate cells were found in 
Caspa2∆  random yeast culture by DAPI staining (Fig 3.8A, b), whereas such cells 
were not seen in the wildtype culture. Some of the large, misshapen cells enclosed up 
to 6 nuclei, indicating that the cells had undergone more than one round of nuclear 
division without cytokinesis. This phenomenon was more apparent in the log-phase 
 


















Figure 3.7  Actin localization in Caspa2∆. A. Actin structures localized to hyphal tips 
and the sites of cytokinesis in both CaSPA2 and Caspa2∆ cells. Elutriated G1 cells of 
Caspa2∆ (WYZ3) and CaSPA2 (WYZ4) were released into YPD containing 10% 
serum at 37oC. Samples were collected at different time points for actin staining. The 
arrows point to the septa. The cells showing the septa were also stained with DAPI to 
visualize nuclei and photographed by using the fluorescence setting together with DIC. 
B. Actin localization in exponential phase CaSPA2 (a) and Caspa2∆ (b) yeast cells. 
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culture in which multinucleate cells accounted for as many as ~30%. To accurately 
estimate the frequency of multinucleated cell occurrence, synchronous Caspa2∆ G1 
cells each containing a single nuclear mass were obtained by centrifugal elutriation 
(Fig 3.8B, a). The G1 cells were then released into liquid YPD at 30oC, and aliquots of 
cells were collected and stained by DAPI after 1, 2 and 3 cell-cycle time. Table 3.1 
summarized the result. After the first cell cycle (~150 min) 1.46% cells were found 
containing 2 nuclear masses in a single cell body. After 2 cell-cycle time (~240 min) 
the percentage of the multinucleate cells increased to 4.3% and reached 8.3% after 3 
cell-cycle time (~330 min). Furthermore, the cell size variation increased with time 
(Fig 3.8B, b). In contrast, no multinucleate cells were observed in CaSPA2 culture 
prepared under identical conditions. 
               We also examined the nuclear status in the hyphal cells of Caspa2∆. 
Interestingly, when the random yeast culture was induced with serum at 37oC, nuclear 
staining showed that all the long hyphae contained a single nuclear mass in each 
subapical cell (Fig 3.8B, c). Two nuclear masses were sometimes seen in the dividing 
apical cells. Notably, all the large, irregular-shaped cells containing multiple nuclear 
masses failed to form hyphae. The result seems to suggest that the relatively normal 
yeast cells may develop into long hyphae with correct nuclear division and localization, 
but the multinucleate ones cannot. To further test this, elutriated Caspa2∆ G1 cells 
were induced for hyphal growth and collected at timed intervals for nuclear staining. 
As we expected, after examining a large number of Caspa2∆ hyphae (n = 500) 
containing 3 to 4 cells (2 and 3 cell-cycle time), few subapical cells were seen to 
contain more than one nucleus (Fig 3.8B, d). This observation suggests that the hyphal 
pathways might be able to prevent the multinucleate defect observed in the yeast cells 
by activating a currently unknown mechanism(s). 














Figure 3.8 Caspa2∆ mutant exhibited defects in nuclear localization. A. Caspa2∆ 
exhibited multinucleate yeast cells. CaSPA2 (WYZ4, a) and Caspa2∆ (WYZ3, b) were 
grown in YPD at 30oC to exponential phase. The nuclei and cell wall were stained with 
DAPI and Calcofluor, respectively. B. Caspa2∆ hyphal cells appeared normal in 
nuclear localization. WYZ3 G1 yeast cells were obtained by centrifugal elutriation (a). 
One aliquot of the G1 cells was inoculated into YPD and grown at 30oC for 5 h to 
exponential phase (b). An aliquot of the exponential yeast cells (A, b above) was 
inoculated into YPD containing 10% serum and grown at 37oC for ~5 h (c). An aliquot 
of the WYZ3 G1 cells was inoculated into YPD containing 10% serum and incubated 





b: G1 cells were prepared by centrifugal elutriation and grown in YPD at 30oC for  ~1, 2 and 3 cell-
cycle time (c.t.) before microscopic inspection.  












4.0 4.5 5.5 7.5 6.0 
0.6 0 86 0 0 0 
1.3 1.0 2.3 2.0 1.7 
1.0 1.0 0.3 1.7 0.3
a: Cells were inoculated at 1 X 105 in YPD and grown at 30oC to OD600 = 0.8. 
Table 3.1 Multinucleate Caspa2∆ yeast cells. 
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3.8 Defects in microtubule structures in Caspa2 ∆ cells 
              In S. cerevisiae, Spa2p is known to interact with Bni1p which is involved in 
spindle alignment and thus nuclear positioning. To figure out the mechanism 
responsible for the multinuclear defect of Caspa2∆, we tagged one copy of the tubulin 
gene CaTUB2 with GFP in both the wild-type and Caspa2∆ strains to visualize 
microtubule structures and spindle alignment. This CaTub1p-GFP construct was 
previously shown to have normal function (Hazan et al., 2002). First, we obtained G1 
yeast cells and released them into YPD at 30oC for microscopic examination at 
different time points. In the large budded CaSPA2 cells the spindle always elongated 
across the neck along the mother-daughter axis (Fig 3.9A, a). In contrast, in a 
significant fraction of the large-budded Caspa2∆ cells, the spindle is not corrected 
oriented because the cytoplasmic microtubules emanating from the two spindle pole 
bodies extended into the same cell body (Fig 3.9A, b). The percentage of these 
Caspa2∆ cells was ~2.3% (7/300), ~5.8% (17/300) and 12.3% (37/300) after one, two 
and three cell cycle time, respectively. With prolonged incubation, strikingly, more 
Caspa2∆ cells, particularly the enlarged ones contained more than one spindles in one 
cell body and highly disorganized cytoplasmic microtubules (Fig 3.9A, c). The results 
indicate that CaSpa2p is required for normal spindle alignment. Thus, the 
multinucleate phenotype of Caspa2∆ is likely to be a consequence of the defects in 
spindle alignment. The next question is why the multinuclear phenotype disappeared in 
hyphal cells of Caspa2∆. We treated the elutriated G1 cells with serum in YPD at 37oC, 
and the microtubule structures in the hyphal cells were monitored at 30-min intervals 
for 4 h. During the entire period of the observation, the wild-type and Caspa2∆ cells 
exhibited similar spindle alignment and elongation and the assembly of highly 
elongated cytoplasmic microtubules extending along the entire length of hyphae (Fig 
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3.9B). No abnormality in the microtubule structures were observed in Caspa2∆ cells 
during the time course. These results suggest that the hyphal program can overcome 
the microtubule defects seen in Caspa2∆ yeast cells, which may be responsible for 




























Figure 3.9 Spindles and cytoplasmic microtubules in Caspa2∆.  A. Spindle and 
cytoplasmic microtubule alignment in the yeast cells. The G1 cells of strains WYZ11 
(CaSPA2 CaTUB2-GFP, a) and WYZ3.8 (Caspa2∆ CaTUB2-GFP, b and c) were 
prepared by centrifugal elutriation, released into YPD at 30oC and aliquots harvested 
every 30 min for microscopy. Photos shown in a and b are representative of cells 
harvested near the end of first cell cycle (~150 min), and the cells shown in c represent 
some enlarged Caspa2∆ cells after 3 cell cycle time (~330 min). The arrows and arrow 
heads denote spindles and cytoplasmic microtubules, respectively. The size bar is 5 µm. 
B. Spindle and cytoplasmic microtubule alignment in the hyphal cells. The G1 yeast 
cells of WYZ11 and WYZ3.8 were inoculated into YPD containing 10% serum. The 
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3.9  The role of different domains of CaSpa2p in C. albicans growth 
           The multiple defects of Caspa2∆ cells suggest that CaSpa2p may participate in 
multiple cellular processes. It is possible that the different domains of the protein are 
involved in different functions. CaSpa2p shares with Spa2p high sequence identity 
over the SHD-I and SHD-V domains. We wanted to determine how the defects of 
Caspa2∆ are related with the functions of the two domains. A series of mutant genes 
generated by deleting the domains either individually or in combination (Table 3.2) 
were integrated at CaSPA2 gene locus of Caspa2∆ mutant (WYZ2) with a copy of 
URA3 gene as selection marker, so that all the mutant genes were controlled by the 
endogenous promoter. These mutant proteins carrying a GFP tag at the C-terminus end 
were expressed to a similar level as judged by the intensity of fluorescence under the 
same exposure setting. We found that SHD-1 and V are not required for cellular 
localization of CaSpa2p, as the fluorescence could be detected at the sites of cell 
growth in patterns similar to the wild-type protein in both yeast and hyphal cells. 
However, mutants lacking SHD-I or V alone rescued different defects of Caspa2∆. 
The mutants deleted of SHD-I (∆SHD-I, strain WYZ3.3) or SDR1 (∆SDR1, strain 
WYZ3.2) within SHD-I apparently rescued all the defects of Caspa2∆, while the 
mutants lacking SHD-V (∆SHD-V, strain WYZ3.4) alone rescued a subset of the 
defects including size variation, elongated bud neck and multinuclear cells. 
Interestingly, the ∆SHD-V cells still exhibited random budding, round cell shape and 
broad bud neck in the yeast cells together with thick hyphae and failure in filamentous 
growth on solid media. Furthermore, when SHD-I and V were deleted together 
(∆SHD-I&V, strain WYZ3.5), the mutant could not rescue any of the defects of 
Caspa2∆ except for correct localization. Moreover, the requirement for SHD-I 
functions was detected only in the absence of SHD-V, indicating that SHD-I and V 
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may be functionally redundant in some aspects of the polarity control. Deletion of the 
SDR1 within SHD-I together with SHD-V (∆SDR1∆SHD-V, strain WYZ3.7) also 
failed to rescue any of the defects of Caspa2∆, indicating that the presence of both 
SDR elements is required for SHD-I function. Consistent with the weak sequence 
conservation of this region among the Spa2p related proteins, the mutant deleted of aa 
residues 613 to 1310 (∆613-1310, strain WYZ3.6) also fully rescued the defects of 
Caspa2∆, indicating that this region is not important for CaSpa2p function. The 














3.10   Caspa2 ∆ exhibited no virulence  
            We next tested whether CaSpa2p is required for virulence by using the mouse 
systemic candidiasis model. Two groups of 10 mice were used. One group was 
injected with one million yeast cells per animal and the other with two million cells per 
Table 3.2  Investigation of functional domains of CaSpa2p. 
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animal. All the animals injected with one or two million CaSPA2 cells died within 14 
and 7 days after injection, respectively. However, all the animals injected with 
Caspa2∆ survived to the end of the 30-day observation. We increase the amount of 
Caspa2∆ to five million cells per animal, all the animal can survive. This result 




3.11  Discussion 
3.11.1  Persistent and cell cycle phase independent tip localization of 
           CaSpa2p 
            We observed a dynamic, cell cycle-dependent localization of CaSpa2p-GFP to 
growth sites during yeast growth. Of particularly interest, we further observed that 
when the yeast cells were exposed to hypha-inducing conditions CaSpa2p quickly 
concentrated to a tight spot at the cell cortex, the site of germ tube emergence, and then 
associated with the hyphal tips throughout the hyphal growth, suggesting that the 
subcellular localization of at least a fraction of CaSpa2p becomes independent of cell 
cycle phases. This localization pattern is in good agreement with the persistent 
concentration of actin structures at hyphal tips previously reported by others. Our 
results support the hypothesis by Hazan et al (2002) that hyphal elongation and cell 
cycle progression may be regulated independently. The protein also exhibited similar 
persistent tip localization in Catup1∆ and Canrg1∆ mutants constitutive for 
filamentous growth. Taken together, CaSpa2p localizes to growth sites during both 
yeast and hyphal growth, suggesting its role in polarized growth. What is the role of 
CaSpa2p at the hyphal tips?  Our observation of Caspa2∆ cells forming thick and 
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curved germ tubes and hyphae in response to serum indicates that CaSpa2p may have a 
role to restrict and stabilize actin polarization at the hyphal tips. Similar to our proposal, 
Sheu et al. (2000) also suggest that Spa2p function is not essential for the occurrence 
but required for the quality of polarized growth in S. cerevisiae.  
 
3.11.2  Function domains of CaSpa2p 
The high identity of the SHD-I and V domains between CaSpa2p and Spa2p suggests 
their functional importance. Interestingly, in C. albicans the construct deleted of SHD-
I was able to fully complement all the defects of Caspa2∆, whereas the construct 
deleted of SHD-V rescued a subset of the defects. Only when both domains were 
deleted, did the construct fail to complement any of the defects. These results, in 
addition to demonstrating the importance of SHD-I and V for CaSpa2p function, also 
implicate that SHD-I and SHD-V are functional redundant via presently unknown 
mechanisms. In S. cerevisiae, it was also found that SHD-I and V are, to certain extent, 
functionally separable.  SHD-I have been demonstrated to interact with components of 
two MAP kinase pathways involved in cell polarized growth. Deletion of SHD-I in 
Spa2p greatly reduced the mating efficiency. SHD-V was shown to interact with Bni1p 
that assembles actin cable. S. cerevisiae mutants deleted of SHD-V were defective in 
bud site selection, shmoo formation and pseudohyphal growth but normal in mating. It 
appears that SHD-V plays a more important role in polarized growth. 
               In C. albicans, SHD-I and V appear to be necessary for all the functions of 
the protein except cellular localization. This point is supported by the following 
observations. First, ∆SHD-I&V mutant exhibited the same range and extent of defects 
as Caspa2∆; and second, the construct with aa 615-1310 deleted was able to correct all 
the defects of Caspa2∆.  Though we have not been able to define the exact region 
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necessary and sufficient for CaSpa2p localization, it seems that a large part of the 
region between the end of SHD-I and residue 614 is required, because two constructs 
encompassing aa 392-614 and 514-614 failed to localize GFP. The result is consistent 
with the previous assignment of cellular localization signals to the corresponding 
region in Spa2p. 
 
3.11.3  Function of CaSpa2p in nuclear movement 
           Caspa2∆ mutant showed serious multinucleate defect when grown in the yeast 
form. Though S. cerevisiae spa2 mutants are not known for this phenotype, current 
knowledge of the role of Spa2p and its interaction with other polarity determinants 
may provide some possible explanations. The mitotic spindle must be aligned along 
the polarity axis of the cell for proper nuclear positioning and chromosome segregation. 
The interaction between the cytoplasmic microtubules and some cortical proteins at the 
bud tip plays a crucial role in this process. Previous studies suggest that Bni1p, another 
polarisome member, may be involved in this interaction. Mutations in Bni1p were 
shown to affect microtubule-cortex interaction causing spindle mislocalization. Yeast 
two-hybrid analysis demonstrated that SHD-V domain is directly invovled in the 
interaction between Spa2p and Bni1p, and moreover Spa2p was previously shown to 
be partially required for the tip localization of Bni1p. It is reasonable to expect that the 
mechanisms governing the interactions between microtubules and the cortical proteins 
should be largely conserved in C. albicans. Thus, deletion of CaSPA2 might also affect 
Bni1p homologues involved in the interaction with the cytoplasmic microtubules, 
leading to defects in nuclear positioning. It was also reported that in S. cerevisiae cells 
lacking the septin ring failed to position their spindle correctly and showed an 
increased frequency of nuclear missegregation (Kusch J et al 2002). We also found 
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that a fraction of Caspa2∆ cells had elongated bud neck and misplaced septum, 
indicating the defects of septin ring formation, which suggests another possible 
explanation of the multinuclear phenotype of Caspa2∆ mutant. In support of these 
explanations, we observed defects in spindle localization and cytoplasmic microtubule 
organization in Caspa2∆. The lack of this phenotype in S. cerevisiae spa2 and spa2 
sph1 mutants might be due to the presence of other mechanisms that may compensate 
the loss of Spa2p and Sph1p functions. Our result also suggests that the activation of 
hyphal growth can prevent the multinucleate defects possibly by stabilizing the 
microtubule strucutres. Though the mechanism is not known, it could be that the 
hyphal pathways lead to the stabilization at the hyphal tips of the polarity determinants 
and proteins involved in spindle alignment. This hypothesis is consistent with the 
persistent tip localization of actin structures. 
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Chapter 4    Functional characterization of HGC1 
4.1 Introduction 
             The signal transduction pathways involved in C.albicans hyphal growth have 
been extensively studied. However, little is known about how the core cytoskeleton 
machinery that controls and executes morphogenesis is regulated during hyphal growth. 
Hypha-inducing signals activate the expression of hypha-specific genes (HSGs). Many 
the HSGs are also derepressed in Catup1∆ and Canrg1∆ mutant, which form 
constitutive pseudohyphae. Thus, it is reasonable to argue that certain hyphal specific 
genes may have a direct role in regulating polarized cell growth (Braun and Johnson, 
2000; Murad et al., 2001c). Surprisingly, none of the HSGs was required for hyphal 
morphogenesis (Berman and Sudbery, 2002; Gow et al., 2002). At present, it is still 
unclear whether C. albicans has a single master regulator responsible for hyphal 
morphogenesis.  
             Studies of S. cerevisiae morphogenesis may provide some clues. In the budding 
yeast, a widely accepted model is that cell morphogenesis is controlled by cell cycle 
machinery, which facilitates the co-regulation of morphogenesis, chromosome 
duplication and segregation (Lew and Reed, 1993; Rua et al., 2001). Apical bud 
growth, including bud initiation and elongation, is triggered and maintained by G1 
cyclins, Cln1p and Cln2p, associated with the cyclin-dependent kinase (CDK) Cdc28p, 
whereas a switch to isotropic bud expansion was initiated by the activity of Clb2p-
Cdc28p kinase. A timely activation of this switch is crucial for proper yeast cell 
morphogenesis. Consistent with this model, a delay in the G2/M transition was 
observed during the pseudohyphal growth in S. cerevisiae (Kron et al., 1994; Rua et al., 
2001).  
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The idea that cyclin/CDK may have a role in regulating C. albicans hyphal growth has 
already been tested in a previous study. Deletion of the G1 cyclin gene, CaCLN1 only 
has limited effect on hyphal growth (Loeb et al., 1999). Moreover, during hyphal 
growth there is no delay in G2/M phase as the case in budding yeast pseudohyphal 
growth, and the cell cycle progression in hyphal growth is almost identical to that of 
yeast growth. The initiation of hyphal growth could occur at any phase of a cell cycle, 
and the site of germ tube emergence in G1 cells is random, which is different from the 
stereotyped budding pattern dictated by cell cycle in yeast growth (Hazan et al., 2002). 
Furthermore, some polarity proteins whose localization is cell cycle-regulated during 
yeast growth display cell cycle-independent tip localization during hyphal growth 
(Hazan et al., 2002; Hazan and Liu, 2002). These data raise the question that if the 
persistent hyphal tip growth was indeed controlled by the cyclin-CDK complex. How 
does the periodic cyclin/CDK activity promote the cell cycle-independent hyphal 
growth?  Here, I describe the identification of a novel hypha-specific G1 cyclin-like 
protein, Hgc1p that has a specific and critical role in C. albicans hyphal morphogenesis 
and virulence.  
 
4.2    Identification of a G1 cyclin-related protein in C. albicans 
The constitutive cell cycle-independent actin polarization during C. albicans hyphal 
growth is not a unique biological phenomenon. The cytoskeleton during axon extension 
in neurons also has a similar behavior. It is known that CDK5, a member of cyclin-
dependent kinase family, is involved in the control of cell cycle independent axon 
extension (Nikolic et al., 1996). Although the molecular mechanism of axon growth 
might be fundamentally different from that of hyphal growth, the underlying logic that 
cytoskeleton can be controlled by a cell cycle independent-CDK is enlightening in 
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solving the problem of the cell cycle independent actin polarization at hyphal tips. We 
hypothesized that a Cln1p or Cln2p-like protein that is activated by the hypha-inducing 
but not the cell cycle signals might be responsible for promoting the persistent hyphal 
growth in C. albicans.  
               Using ScCln1p cyclin-box sequence, the C. albicans genome database was 
blasted (http://www-sequence.standford.edu/group/candida). Three significant matches 
were found. The one with the highest identity (47.3%) encoded a 785-amino acid (aa) 
protein annotated Cln21p, a G1 cyclin with unknown function (contig6-2213, 
orf6.3156), followed by CaCln1p and 2p, (39.1% and 34.5% respectively). Although 
the cyclin box region is highly conserved, the overall identity between Cln21p and 
ScClnps is only ~20%. The cyclin box of Cln21p shares 28.7 to 47.3% identities to 
those of budding yeast G1 cyclins, which are considerably higher than the identities to 
those of the B-type cyclins ranging from 2.4 to 28.2%. Moreover, the cyclin box of 
Cln21p is also very different from the Pho85 cyclins, Pclps, in the cyclin-box sequence 
identities (4.5 to 12.4%) and those of the CaSrb11p (18%) and ScSrb11p (15.6%) (Fig 
4.1A).  
              We next performed a more comprehensive sequence comparison of all the 
potential cyclin family proteins found in C. albicans and S. cerevisiae, revealing five 
groups of cyclin boxes by phylogenetic analysis (Fig 4.1B). Cln21p is included in the 
cluster containing all other G1 cyclins. Taken together, the results of the sequence 
comparisons strongly suggest that Cln21 belongs to G1 cyclin family. Notably, the 
cyclin box sequence alignment of the six G1 cyclins shows that the cyclin box of Cln21 
contains a stretch of 37 aa in the middle which is absent in CaCln1p and 2p, and 
interestingly the cyclin boxes of ScCln1p and 2p contain 22 of the 37 aa (Fig 4.1C).  





Fig 4.1  Relationship of Cln21 with other cyclin family proteins in S. cerevisiae and 
C. albicans. A. Localization and sequence relatedness of the cyclin-box sequences. 
Cyclin boxes are identified by using the Simple Modular Architecture Research Tool 
(http://smart.embl-heidelberg.de) and shown in black. The percentage values above 
each box were scored against Cln21. All the sequences were retrieved from the S. 
cerevisae genome database. B. Phylogenetic relatedness of Cln21 to G1 cyclins. The 
tree was reconstructed by using the Clustal W method in the DNASTAR sequence 
analysis software. C. Alignment of the cyclin boxes of G1 cyclins. The invariable 
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4.3  The expression pattern of CLN21 
               We first focused our study on Cln21p because its function had not been 
studied. To determine the expression pattern of CLN21, RNA samples were prepared 
from C. albicans yeast and hyphal cells for Northern blot analysis (Fig 4.2). Yeast cells 
were cultured in YPD at 30oC and hyphal growth was induced in YPD containing 10% 
serum at 37oC. Importantly, a ~3.5 kb mRNA was clearly observed from the hyphal 
RNA after 16-h exposure, in sharp contrast, we cannot detect CLN21 expression in the 
yeast cells despite prolonged exposure up to 3 days. This mRNA was not detected in 
the cln21∆ mutant under the same conditions, indicating that the observed band is 
indeed transcribed from CLN21. Similar to other known hyphal specific genes, the 






Fig 4.2 The expression pattern of CLN21 (I). Hypha-specific expression of CLN21. 
Overnight yeast cultures of SC5314 and cln21∆ were inoculated into fresh YPD at 2 × 
106 cells/ml and grown at 30oC for 2 h before RNA preparation. For hyphal RNA 
analysis, overnight yeast cells were inoculated into YPD+10% serum at 2 × 105 
cells/ml and grown at 37oC for the time indicated on top. 
 
 
Although the results strongly suggest hypha-specfic expression of CLN21, it remains 
possible that it might be expressed only transiently at a certain cell cycle stage in yeast 
growth, which renders its expression difficult for detection from random yeast cultures. 
To assess the possibility, G1 yeast cells were collected by centrifugal elutriation. First, 
a budding index of yeast growth was determined and used as a cell cycle progression 
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indicator (Fig 4.3A, left). Bud emergence of the first and second cell cycle was found to 
start at ~100 and 185 min respectively, approximating the beginning of a cell cycle. We 
then collected cells at 20-min intervals between 70 and 200 min for Northern analysis. 
Again, CLN21 mRNA was not detected in samples of any time points. As a quality 
control of the synchronous culture, CaCLN1 mRNA was detected and found to oscillate 
with cell cycle progression in a pattern reported previously (Fig 4.3A). Based on this 
result, we concluded that CLN21 does not express in yeast form, or its expression level 
below the sensitivity of Northern blot. 
               Next, we want to determine whether CLN21 expression is cell cycle-regulated 
once produced during hyphal growth. The synchronous yeast culture at 70 min 
described above was induced for hyphal growth. The appearance of the chitin ring 
along the germ tubes can be used to mark the start of a new cell cycle during hyphal 
growth as previously reported by Hazan et al. (2002). In this culture, the first and 
second cell cycle started at ~115 and 190 min respectively (Fig 4.3A, right). We then 
collected cells every 20 min from 70 to 200 min for RNA preparation and Northern 
analysis. CLN21 mRNA was observed to approximate near peak level at 90 min (20 
min after the addition of serum), and remained constant through the whole time course 
(Fig 4.3A), indicating that CLN21 mRNA level is not subjected to cell cycle regulation 
during hyphal growth. Again, during this period of time, CaCLN1 exhibited cell cycle-
dependent expression in a similar pattern as in the yeast cells.  
               Though we have shown above that CLN21 expression can be induced in G1 
cells, we wanted to test whether CLN21 can also be induced in other cell cycle phases. 
S and G2/M arrested cells were obtained by treating random yeast cultures with 
hydroxyurea (200 mM) which blocks DNA replication, and nocodazole (50 µM) which 
disrupts spindle and astromicrotubules. Consistent with previous reports (Bai et al., 
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2002; Bachewich et al., 2003), the two drugs arrested the yeast cells within 1 h and the 
arrest sustained for at least 3 more hours as shown by FACS (fluorescence-activated 
cell sorting) analysis (Fig 4.3B, left). We then added 10% serum to the yeast cells that 
had been arrested for 2 h, and collected cells for RNA preparation after 30-min hyphal 
induction at 37oC in the presence of the drugs. Northern blot analysis (Fig 4.3B, right) 
detected CLN21 expression in the arrested cells only after but not before exposure to 
the hypha-inducing condition, indicating that CLN21 expression can be activated in the 
yeast cells of different cell cycle phases. Taken together, we concluded that the 
expression of CLN21 is specific to hyphal program. To accurately reflect its hypha-
specific expression pattern and its sequence relatedness to G1 cyclins, we renamed the 
gene HGC1. 
 
4.4   hgc1∆ was defective in hyphal growth 
After the demonstration of HGC1’s hyphal specific expression pattern, next we 
constructed HGC1 mutants to examine whether it plays a crucial role in hyphal growth. 
The two copies of HGC1 were sequentially replaced with ARG4 and HIS1 in strain 
BWP17. As URA3 has been shown to be required for hyphal growth, to compare HGC1 
and hgc1∆ strains, a Ura- hgc1∆ strain was transformed with a CIp10 vector that 
contains a URA3 gene by integration at the RP10 locus yielding a Ura+ hgc1∆ strain 
(WYZ12.2). To ensure that the phenotypes, if any, found in the hgc1∆ strain is due to 
the loss of HGC1, a Ura+ hgc1∆::HGC1 strain (WYZ12.1) were generated by 
integrating a copy of HGC1 with its own promoter at its original genomic locus. 
WYZ12.1 was found phenotypically identical to the wild-type strain SC5314. The 
heterozygous mutant (HGC1/hgc1∆::ARG4) exhibited normal growth rate, morphology 
and response to hyphal induction, in contrast, the homozygous mutant (hgc1∆::ARG4 
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hgc1∆::HIS1 ) was seriously defective in hyphal morphogenesis. Southern blot 














Fig 4.3 The expression of CLN21 (II). A. CLN21 expression in synchronous yeast 
(left) and hyphal (right) cells. SC5314 G1 yeast cells were prepared by centrifugal 
elutriation and released into YPD at 30oC at ~2 ×105 cells/ml. Aliquots were collected 
every 15 min to score the percentage of budded cells (n=150). Guided by the budding 
index, aliquots of similar yeast cultures were harvested every 20 min from 70 to 200 
min for RNA preparation.  To obtain a synchronous hyphal culture 10% serum was 
added to the synchronous yeast culture at the 70-min time point as described above and 
the culture incubated at 37oC.  Samples were taken every 15 min for Calcofluor 
staining to score the percentage of hyphal cells (n=150) containing the first and second 
chitin rings. For Northern analysis samples were taken every 20 min between 70 and 
200 min. B. CLN21 expression in S and G2/M yeast cells. Hydroxyurea or nocodazole 
was added to a mid-log phase yeast culture of SC5314 at 200 mM and 50 µM 
respectively. Aliquots were harvested for FACS analysis every 30 min (left panel). For 
Northern blot analysis (right panel), RNA was prepared from the following cells: a, 
untreated yeast cells; b, yeast cells arrested with hydroxyurea for 2 h in YPD at 30oC; c, 
10% serum was added to the arrested cells described in b for 30 more minutes of 
growth at 37oC; d, yeast cells treated with nocodazole for 2 h in YPD at 30oC; and e, 
10% serum was added to the arrested cells described in d for 30 more minutes of 




























Fig 4.4  HGC1 gene deletion. A. A schematic description of the gene deletion products. 
The entire open-reading frame of the two copies of HGC1 was sequentially replaced by 
those of ARG4 and HIS1 yielding gene deletion products hgc1∆::ARG4 and 
hgc1∆::HIS1 respectively. The first nucleotide of HGC1 coding sequence is designated 
as position 1. The cleavage sites for the restriction enzymes Xba I (Xb) and Apa L1 (Ap) 
are shown. B. Re-integration of a copy of HGC1 into the hgc1∆ mutant 
(hgc1∆::ARG4/hgc1∆::HIS1). A genomic DNA fragment containing HGC1 gene and 
~1000-bp 5' and 1700-bp 3' flanking regions was cloned in the plasmid CIp10. This 
plasmid was linearized by cleavage at the unique Xba I site within the promoter region 
and integrated into one of the HGC1 promoter regions (in the case shown it is the locus 
where HGC1 was replaced with HIS1) in the hgc1∆ mutant. C. Southern blot 
verification of HGC1 deletion mutants. Strains used are: lane 1, BWP17; lane 2, 
HGC1/hgc1∆::ARG4; lane3, hgc1∆::ARG4/ hgc1∆::HIS1; lane 4, hgc1∆::ARG4/ 
hgc1∆::HIS containing a re-integrated copy of HGC1. The probe used corresponds to 
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The hgc1∆ strain was examined in a wild range of hypha-inducing and non-inducing 
conditions. Consistent with its specific expression in hyphal growth mode, HGC1 and 
hgc1∆ strains in yeast growth form were similar in terms of morphology and growth 
rate in all the non-inducing liquid media tested, including YPD, GMM and Lee’s 
medium (pH 4.0) at 30oC (Fig 4.5A). However, strikingly, the filamentous growth 
ability of hgc1∆ was seriously impaired in a variety of liquid inducing media examined, 
such as serum, Lee’s (pH 7.0) and RPMI at 37oC (Fig. 5B). After ~30min induction, 
hgc1∆ G1 yeast cells first formed a wide surface protrusion, giving the cell a pear-like 
morphology. The protrusion appeared at random positions like the germ tubes of the 
wildtype cell. Later a bud emerged and elongated at the tip of the protrusion, which was 
considerably shorter and wider than normal hyphal cells. The results indicate that 
Hgc1p plays a critical role in the control of hyphal morphology. Moreover, majority of 
the mother and daughter cells separated after cytokinesis, therefore, filaments were not 
formed, suggesting that Hgc1p is involved in the suppression of cell-cell separation 
during hyphal growth. Notably, despite the morphological defects, hgc1∆ was still 
capable of initiating hyphal growth with a largely normal spatiotemporal pattern. The 
hyphal growth defects of hgc1∆ was not restricted to liquid medium, we found that  
hgc1∆ was also defective in filamentous growth in solid hypha-inducing media, such as 
Lee’s (pH 7.0), Spider’s and serum, and when embedded in agar (Fig 4.5C). The 
morphology of the colonies were examined daily for 1 week, only very short filaments 
were observed from the peripheral of hgc1∆ colonies in Lee’s medium(pH 7.0) and 
embedded agar but not Spider’s and serum medium after 6 day incubation. The cells 
removed from those colonies in which filaments formed were considerably shorter than 
those of wild-type cells grown in the same condition. The results suggest that Hgc1p is 
Chapter 4                                                                                              Functional characterization of Hgc1   
 
 77
required for the highly polarized cell elongation during hyphal growth in all of the 
















Fig 4.5 HGC1 is required for hyphal morphogenesis. A. Growth curves of yeast 
cells. Strain WYZ12.2 (hgc1∆) was compared with WYZ12.1 (HGC1). Overnight yeast 
culture was inoculated into YPD at 2 × 105 cells/ml and grown at 30oC. Cell numbers 
were counted every 2 h by using a haemacytometer. B. hgc1∆ was defective in hyphal 
growth in liquid media. Yeast cells of overnight cultures were inoculated into inducing 
media at 2 × 105 cells/ml and samples examined at timed intervals. Photos were taken 
by using differential interference phase contrast (DIC). The cells shown were induced 
in YPD+10% serum at 37oC and are representative of cells induced in GMM+10% 
serum, Lee’s medium (pH 7.0), and RPMI. The scale bars indicate 5 µm throughout the 
paper. C. hgc1∆ was defective in hyphal growth on solid media. The media used are 
shown on top and the cultures were 2 days old. D. hgc1∆ was defective in hyphal 
growth in the kidneys of mice. Mice injected with 1 × 106 cells via the tail vein were 
killed after 2 days and kidneys removed for histology. The photos show the cortex 
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              Catup1∆ grows constitutively as branched filaments, and many hyphal specific 
genes are controlled by CaTup1p module. However, it is not clear whether the 
underlying mechanism that leads to the highly elongated cells in this kind of 
filamentous growth is the same as the one responsible for normal hyphal growth. A 
plausible explanation is that some unknown hyphal specific genes repressed by 
CaTup1p may be specially required for hyphal morphology (Braun and Johnson, 1997; 
Braun and Johnson, 2000). We speculated that HGC1 is also required for the 
filamentous phenotype of Catup1∆. We made a double gene deletion mutant Catup1∆ 
hgc1∆. We found that deletion of HGC1 nearly converted the long branched filaments 
of Catup1∆ to short chains of yeast cells in both liquid and solid media (Fig 4.6). These 
results further established the critical role of HGC1 in hyphal morphogenesis and 
indicate that a common mechanism is responsible for both the normal hyphal growth 
and the filamentous growth caused by CaTUP1 deletion.  
               To examine whether Hgc1p is required for the filamentous growth in the 
kidney of systemically infected mouse, we injected one million hgc1∆ mutant cells 
through the tail vein. Interestingly, in sharp contrast to the HGC1 strain that produced 
many foci containing long filaments in the kidneys of infected mice, the hgc1∆ mutant 
cells grew almost entirely as slightly elongated yeast cells, indicating its essential role 
in the filamentous growth in host kidney (Fig. 4.5D).  
                Taken together, these results indicate that HGC1 function is critically 
required for hyphal growth in all the laboratory conditions tested and in systemically 
infected mice. Thus, HGC1 is the first HSG identified so far that is critically required 
for hyphal morphogenesis. 
 
 



















Fig 4.6 HGC1 is required for the filamentous phenotype of tup1∆. Strains CaWY6 
(tup1∆) and WYZ15 (tup1∆ hgc1∆) were grown in liquid GMM (left) at 30oC to mid-




4.5 HGC1 is not required for the expression of HWP1, HYR1 and ECE1 
             Why is hgc1∆ defective in filamentous growth? One possibility is that Hgc1p 
may control the morphogenesis directly like its homologues, Cln1p and Cln2p in the 
budding yeast. The other possibility is that Hgc1p may be involved in the activation of  
the hyphal signal transduction pathways. For example, in S. cerevisiae, a cyclin/Cdk 
complex, Srb11/Srb10, is known to be involved in the regulation of pseudohyphal 
growth in nitrogen starvation condition by modulating the activity of Ste12p, a 
transcription factor downstream of the MAPK pathway required for pseudohyphal 
growth (Nelson et al., 2003). In C. albicans CaCLN1 is also needed for the expression 
of several HSGs in Lee’s medium (Loeb et al., 1999). To determine whether HGC1 
deletion affects the signaling pathways that activate the expression of HSGs, the 
expression of three well known representative genes, HWP1 (Staab et al., 1999), HYR1 
(Bailey et al., 1996) and ECE1 (Birse et al., 1993), was examined. We found that 
Chapter 4                                                                                              Functional characterization of Hgc1   
 
 80
activation of these genes was unaffected (Fig 4.7), indicating that the hyphal signaling 







Fig 4.7 Deletion of HGC1 did not affect the expression of HWP1, HYR1 and ECE1. 
HGC1 and hgc1∆ yeast cells were grown in YPD at 30oC and hyphal growth was 
induced in YPD+10% serum at 37oC for 1, 3 and 5 h before RNA preparation. 
 
4.6   HGC1  expression is regulated by cAMP/PKA pathway and CaTup1p 
              The hypha-specific expression of HGC1 and its requirement for constitutive 
filamentous growth of Catup1∆ suggests that it may be co-regulated with other HSGs 
by the same signaling pathways. To identify how HGC1 expression is regulated during 
the yeast-to-hypha morphological switch, its expression in cph1∆, a representative 
mutant of the MAPK pathway, and efg1∆, a representative mutant of the cAMP/PKA 
pathway, was examined (Liu et al., 1994; Lo et al., 1999; Murad et al., 2001c). Fig 4.8 
(left) shows that under liquid inducing conditions, the HGC1 expression was not 
detected in efg1∆ mutant but induced normally in cph1∆, indicating that the 
cAMP/PKA pathway is essential for the hyphal specific expression of HGC1. In a 
strain deleted of CaCDC35 (Rocha et al., 2001), which encodes the adenylyl cyclase 
that catalyzes cAMP production, the HGC1expression was also undetectable, like in 
efg1∆, which further confirms the importance of cAMP/PKA pathway in HGC1 
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activation. However, the potential role of MAPK pathway in HGC1 activation by other 
environmental stimuli cannot be ruled out. 
                 Besides the positive control by the MAPK and cAMP/PKA pathway, many 
HSGs are also under negative control by CaTup1p/CaNrg1p and CaTup1p/CaRfg1p 
modules (Braun and Johnson, 1997; Braun and Johnson, 2000; Braun et al., 2001; 
Murad et al., 2001c). To determine whether HGC1 is repressed by CaTup1p modules, 
the expression of HGC1 was examined in Catup1∆, Canrg1∆ and Carfg1∆  mutants. 
Under non-inducing conditions, HGC1 expression was readily detected in Catup1∆, 
Canrg1∆ but not Carfg1∆  mutants as shown in Fig 4.8 (right), indicating that HGC1 is 
repressed by CaTup1 and CaNrg1 during yeast growth. Taken together, HGC1 should 
be parallel with the other known hyphal specific genes, such as HWP1, HYR1 and 






Fig 4.8 HGC1 was not expressed in efg1∆ and Cacdc35∆ but induced normally in 
cph1∆ under inducing conditions. Cells of each strain (indicated on top) were grown 
in YPD at 30oC (Y) or YPD+10% serum at 37oC for 1 h (H). HGC1 expression was 




4.7  Constitutive expression of HGC1 alone is not sufficient to induce hyphal 
growth 
            To determine whether constitutive expression of HGC1 is sufficient to trigger 
Catup1∆-like filamentous growth in conditions favoring the yeast growth, hgc1∆ and 
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CAI4 strains expressing HGC1 under the control of CaACT1 promoter were 
constructed. HGC1 expression in these transformants was confirmed by Northern 
analysis (F. 2). Both strains grew as yeast form under non-inducing conditions, such as 
GMM and YPD at 30 or 37oC, although the hyphal growth defects of hgc1∆ were fully 
rescued by the CaACT1 promoter-controlled HGC1, indicating that HGC1 expression 
alone is not sufficient for hyphal growth. In the budding yeast, overexpression of CLN1 
or CLN2 leads to bud elongation, thus, we wanted to assess whether the defects of 
hgc1∆ could be suppressed by constitutive or induced expression of other G1 cyclins 
gene. hgc1∆ strains expressing CaCLN1 or 2 under the control of the HGC1 or 
CaACT1 promoter were constructed  All the strains showed the same hyphal growth 
defects as hgc1∆, implying that Hgc1p has a unique function in the cell cycle-
independent polarized hyphal growth. The expression of CaCLN1 and CLN2 was 






Fig 4.9 Northern blot confirmation of constitutive HGC1 expression driven by 
CaACT1 promoter in CAI4 and hgc1∆ (hgc1∆::ARG4/hgc1∆::HIS1). Left, Lane 1, 
strain CAI4; lane 2, CAI4 transformed with a copy of HGC1 driven by CaACT1 
promoter; lane 3, hgc1∆ mutant; and lane 4, hgc1∆ mutant transformed with a copy of 
HGC1 driven by CaACT1 promoter. All strains were grown in YPD at 30oC. Middle, 
Northern blot confirmation of the constitutive and hypha-induced expression of 
CaCLN1 driven by CaACT1 or HGC1promoter. Lane 1: hgc1∆ mutant grown in YPD 
at 30oC; lane 2, hgc1∆ mutant transformed with a copy of CaCLN1 driven by CaACT1 
promoter and grown in YPD at 30oC; lane 3, hgc1∆ mutant transformed with a copy of 
CaCLN1 driven by HGC1 promoter and grown in YPD at 30oC; and lane 4: hgc1∆ 
mutant transformed with a copy of CaCLN1 driven by HGC1 promoter and grown in 
YPD+10% serum at 37oC for 1h. The signal observed in lanes 1 and 3 are due to the 
expression from the endogenous copies of CaCLN1.Right, Northern blot confirmation 
of the constitutive and hypha-induced expression of CaCLN2driven by CaACT1 or 
HGC1 promoter. The strains and growth conditions used were the same as those 
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described in (B) except that CaCLN1 was replaced with CaCLN2. All the cyclin genes 
transformed into the hgc1∆ mutant were cloned in plasmid CIp10 and integrated at the 
RP10 gene locus. 
 
4.8  Physical and functional interaction between Hgc1p and CaCdc28p 
             The cyclin box of Hgc1p shares high sequence identities to the G1 cyclins 
specific for Cdc28p but very low similarities to those for other Cdks, suggesting that 
CaCdc28p might be the interacting partner of Hgc1p. To determine whether Hgc1p and 
CaCdc28p physically interact with each other, co-immunoprecipitation was performed. 
CaCdc28p was tagged with myc at the carboxyl terminus, Hgc1p was tagged with 
haemagglutinin (HA) epitopes at the amino terminus, and both genes were expressed 
from their endogenous promoter. A strain expressing CaCdc28p-myc alone was used as 
control. Similar levels of CaCdc28p-myc, which is of the expected size of ~44 kD, 
were detected in the total protein extract from both strains (Fig 4.10A, top). From the 
protein extract of the cells co-expressing CaCdc28p-myc and HA-Hgc1p, anti-HA 
antibody precipitated HA-Hgc1p (~94 kD) together with CaCdc28p-myc (Fig 4.10A, 
middle) and the precipitant exhibited histone H1 kinase activity (Fig 4.10A, bottom). In 
comparison, neither CaCdc28p-myc nor the kinase activity was detectable in the anti-
HA precipitant from the cells expressing CaCdc28p-myc alone. Together, these results 
indicate that Hgc1p may physically interact with CaCdc28p. However, whether this 
interaction is physiologically important for Hgc1p function in hyphal morphogenesis 
cannot be established yet. 
            In S. cerevisiae, any one of the three G1 cyclins alone is sufficient to sustain 
cell growth, indicating a redundancy of these cyclins in bud growth and DNA 
replication initiation (Andrews and Measday, 1998). We speculated that if HGC1 can 
do likewise, it would provide further evidence supporting that Hgc1p can form a 
functional complex with CaCdc28p. A S. cerevisiae strain US454 (Li and Cai, 1999) 
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deleted of all three G1 cyclin genes, which was kept alive by a copy of ScCLN3 under 
the control of MET3 promoter, was used in this study. HGC1 or CaCLN1 was 
introduced into this strain under the control of Gal1-10 promoter on a centromeric 
plasmid. All the strains grew on GMM plates lacking methionine (Fig 4.10B), a 
condition that allows ScCLN3 expression; while no strain, except the wild type, grew 
on GMM plates which contain 2 mM methionine where the expression of ScCLN1, 
HGC1 and CaCLN1 were suppressed. When glucose in the GMM+Met medium was 
replaced by galactose, only the strains expressing either CaCLN3 or HGC1 grew, 
though the one expressing HGC1 grew considerably more slowly. The same test in 
liquid media produced similar results. The results demonstrate that HGC1 alone may 
sustain cell growth in the budding yeast, a function that requires interaction with 
Cdc28p. 
                Interestingly, ~50% of the cells expressing HGC1 as the only G1 cyclin 
exhibited significantly elongated morphology with multiple constrictions and with bud 
tip actin patches and cables polarized to the bud tips (Fig 4.10C). Moreover, ~70% of 
the polarized cells contained a single nuclear mass, indicating cell cycle progression 
defect. The polarized morphology of the S. cerevisiae cells expressing HGC1 alone 
could be interpreted in at least two ways: first, it might be a reflection of Hgc1p’s 
intrinsic ability in promoting apical growth; another possibility is that it may be a 
secondary effect due to the defects in cell cycle progression (Lew and Reed, 1993; Rua 
et al., 2001). Importantly, these features were not observed in the cells expressing 
CaCLN1 as the only G1 cyclin. These results suggest that compared with CaCln1p, 
Hgc1p may be only partially functional in driving cell cycle progression. 
 
 


































Fig 4.10 Interactions of Hgc1 with Cdc28. A. Hgc1 co-immunoprecipitates with 
CaCdc28. The strain expressing CaCdc28-myc alone (WYZ19) and that co-expressing 
CaCdc28-myc and HA-Hgc1 (WYZ20) were induced in serum for 1 h. Protein extracts 
(top) and the immunoprecipitant pulled down by anti-HA antibody (middle) were 
Western-blotted and probed by anti-myc or anti-HA antibody. The immunoprecipitant 
was assayed for histone H1 kinase activity (bottom). B. HGC1 supports the growth of a 
S. cerevisiae mutant without endogenous G1 cyclins (strain US454). Strains were 
grown on minimal medium plates containing 2% glucose (GMM) or galactose 
(GalMM) with or without methionine (Met) at 30oC for 2 days. C. US454 cells 
expressing HGC1 are highly elongated. The US454 cells transformed with HGC1 or 
CaCLN1 under the control of Gal1-10 promoter were first cultured in GMM before 
transferred to GalMM containing 2 mM methionine and grown for 6-8 h. Rhodamine-
phalloidin was used to stain actin structures and DAPI for nuclei (arrows). 
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4.9  Hgc1p is required to maintain hyphal tip localization of actin and CaSpa2p 
        Why is hyphal morphogenesis affected by the loss of Hgc1p function? Some 
polarity proteins, such as Cdc42p, CaSpa2p and actin, persistently localize to the 
hyphal tips (Hazan et al., 2002; Hazan and Liu, 2002; Zheng, et al., 2003). The loss of 
the cell cycle-dependent localization pattern of these proteins during hyphal growth 
may be directly responsible for the persistent hyphal tip growth. To determine whether 
HGC1 deletion affects the cellular localization of these proteins, we used rhodamine-
phalloidin to stain the actin structures and tagged CaSpa2p with the green fluorescent 
protein (GFP) at its carboxyl terminus. Synchronous G1 yeast cells were treated with 
serum at 37oC and examined at regular intervals. In response to hyphal induction both 
actin and CaSpa2pGFP in hgc1∆ cells rapidly polarized to a site at the cell surface and 
later was observed at the tip of the broad surface protrusion and bud throughout most of 
the cell cycle (Fig 4.11). However, they disappeared from the bud tip and appeared at 
the bud neck at the time of cytokinesis. In contrast, both proteins localized to the tips 
throughout hyphal growth in HGC1 cells. The results show that under hypha-inducing 
conditions hgc1∆ is still able to maintain polarized growth at the hyphal tip through a 
large part of the cell cycle but loses this ability around the time of cytokinesis, as 
indicated by the neck localization of CaSpa2pGFP and actin. It suggests that during 
hyphal growth Hgc1p may have a role in maintaining actin and CaSpa2p at the hyphal 
tips when the cells undergo cytokinesis, which is probably required to ensure persistent 
hyphal tip growth and prevents cell separation. Notably, the polarization of actin at the 
emergence of the cell surface protrusion (time point 40’) in hgc1∆ is not as 
concentrated as in the HGC1 cells, indicting that Hgc1p may also has a role in the 
initiation of germ tube.  
 












Fig 4.11 Role of Hgc1 in maintaining tip localization of actin and CaSpa2. G1 yeast 
cells of strains WYZ5 (HGC1) and WYZ14 (hgc1∆) expressing CaSpa2GFP were 
induced for hyphal growth in YPD+10% serum and samples harvested at regular 
intervals. The DIC photos are shown on the top and the fluorescence ones for actin 
staining (left) and CaSpa2GFP (right) are shown at the bottom. The cells that have 
completed cell division (the 150' sample for HGC1 and 120' sample for hgc1∆, left 
panel) were also stained with DAPI. Arrows indicate the position of septum. 
 
 
4.10 Hgc1p is required for virulence 
The importance of hyphal morphogenesis for C. albicans virulence remains 
controversial due to its co-regulation with many genes encoding other virulence traits 
(Berman and Sudbery, 2002; Gow et al., 2002). Our results show that HGC1 deletion 
abolished hyphal morphogenesis without detectable effect on the yeast growth and the 
expression of HWP1, HYR1 and ECE1. Thus, hgc1∆ should serve as the best test so far 
available to evaluate the role of hyphal morphogenesis in virulence. Using the mouse 
systemic infection model, we found that 70% of the mice infected with 1 × 106 yeast 
cells of hgc1∆ remained alive 30 days post infection and the rest died between day 20 
and 30, whereas the same inoculum killed all the mice infected by an isogenic strain 
carrying a copy of HGC1 within 7 days (Fig 4.12). For comparison, efg1 cph1 mutant 
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did not kill any of the mice at the same inoculum. These results show that HGC1 may 
be required for C. albicans virulence, strongly supporting the view that the yeast-to-
hypha morphogenesis is important for pathogenesis. However, the results also indicate 











Fig 4.12 hgc1∆ exhibits markedly reduced virulence. Yeast cells of strains WYZ12.1 
(HGC1), WYZ12.2 (hgc1∆) and WYNR1 (efg1 cph1) were grown in YPD to mid-log 
phase. Each mouse was injected via the tail vein with 1 × 106 cells and monitored for 





4.11.1 Role of Hgc1p in hyphal morphogenesis 
The core mechanisms underlying universal cellular processes, such as cell cycle 
progression and polarized cell growth, in eukaryotes are often highly conserved 
(Drubin, 2000; Nurse, 2000). Recently, the cell-cycle regulator Cdc2-cyclin B2 was 
shown to promote actin-assembly and cell migration in mammalian cells (Manes et al., 
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2003); and Cdk5 kinase was found to promote neurite outgrowth (Nikolic et al., 1996). 
In S. cerevisiae, the Cln1p,2p/Cdc28p kinases have been demonstrated to trigger the 
bud formation and promote bud elongation, although the detailed mechanism is not 
understood yet (Lew and Reed, 1993; Rua et al., 2001). The involvement of different 
Cdk complexes in distinct forms of polarized growth in yeast and mammals suggests 
that a common mechanism may be kept and modified by evolution in different cell 
types or organisms. Our hypothesis of the existence of hyphal specific cyclin in C. 
albicans was largely inspired by this fascinating conservation of a mechanism over vast 
evolutionary distance. Our discovery of HGC1 shows that a G1 cyclin related protein 
has evolved in C. albicans to specifically control the hyphal growth. Hgc1p might have 
evolved from other G1 cyclin and retained the function of promoting apical growth but 
probably lost other functions involved in cell cycle progression such as DNA 
replication and spindle pole bodies duplication. Based on the characterization of its 
expression pattern, cellular functions and sequence features, we propose a model to 
explain how Hgc1p takes part in hyphal growth. When exposed to hypha-inducing 
signals, Hgc1p is produced and associates with CaCdc28p to promote cell cycle-
independent polarized growth. However, the functional importance of the interaction 
between Hgc1p and CaCdc28p has not been established yet. Though Hgc1p is of 
critical importance in the elongation of hyphal cells and Catup1∆, we found that its 
constitutive expression is not sufficient to cause hyphal growth, indicating that other 
unknown proteins co-activated with Hgc1p by the hypha-inducing signals are also 
needed. These unknown factors which must be repressed by CaTup1p may be the 
substrates of or required for the activation of the putative Hgc1p-Cdc28p kinase 
complex. The molecular links between Hgc1p activity and the proteins that execute 
polarized growth, such as the Rho-family GTPase Cdc42, its regulators and the actin 
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assembly machinery (Drubin, 2000; Etienne-Manneville and Hall, 2002) remain to be 
established. It will be interesting to identify the substrates or other interacting partners 
of Hgc1p/CaCdc28p.  
             Hgc1p might also play an important role in preventing cell separation during 
hyphal growth. Based on altered behavior of the actin and CaSpa2p in hgc1∆ , we 
speculat that the cell separation inhibiting function of Hgc1p may be achieved by 
restricting some polarity proteins at hyphal tips throughout hyphal growth. 
 
4.11.2   The unknown factors in germ tube formation 
The germ tubes of hgc1∆ cells, though morphologically aberrant, exhibited nearly 
normal spatiotemporal pattern, suggesting that other factors are responsible for the 
initiation and limited maintenance of the polarized growth in the absence of Hgc1p. 
Potential candidates may include the polarity proteins Rho3, a member of Rho GTPase, 
and Bem2, a GAP protein of Cdc42p, whose expression was recently shown to be 
rapidly elevated upon hyphal induction (Enjalbert et al., 2003). The alteration of these 
two proteins or other unknown factors involved in polarity control upon hyphal 
induction may cause stochastic spontaneous polarization of actin cytoskeletons. This 
may cause the random germ tube emergence in a way similar to overexpression of 
dominant active form of Cdc42p in arrested G1 cells in budding yeast (Wedlich-
Soldner et al., 2003).   
 
4.11.3 Role of Hgc1p in virulence 
            Although C. albicans yeast-to-hypha transition has been shown to facilitate its 
invasion of host tissues and escape from phagocytosis, two processes important for 
microbial virulence (Odds, 1988; Lo et al., 1997; Berman and Sudbery, 2002), until 
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now, the role of morphological transition in virulence is still not unequivocally 
established. The efg1 cph1 mutant, in which both the cAMP/PKA and MAPK pathways 
are blocked, shows most severe defects in hyphal growth in vitro, and its virulence is 
greatly reduced in a mouse model of systemic infection. However, the role of 
morphogenesis transition in virulence cannot be established because of the extensive 
effects due to the loss of Efg1p and Cph1p. Moreover, it was found that the signaling 
pathways for hyphal growth not only control the morphogenesis, but also activate or 
derepress the expression of a group of proteins involved in diverse, infection-related 
functions such as adhesins, secreted aspartyl proteinases, and iron acquisition (Staab et 
al., 1999; Braun and Johnson, 2000; Kapteyn et al., 2000; Ramanan and Wang, 2000; 
Naglik et al., 2003). The specific function of HGC1 in promoting C. albicans hyphal 
morphogenesis and its requirement for virulence provides strong evidence that 
morphological transition is required for the full virulence of C.albicans, though we 
cannot totally exclude the possibility that some other virulence features may be 
compromised in the HGC1 deletion mutants. The unique function of Hgc1p, plus the 
previous findings of a variety of virulence-related features controlled by hyphal 
program, further reveals that C. albicans has evolved a ‘pathogenesis program’ which 
includes a range of distinct cellular functions, each with specific contribution to 
different aspects of infection. These genes are collectively responsible for the full 
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